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THE MECHANISM OF ACQUIRED IMMUNITY IN 
INFECTIONS WITH PARASITIC WORMS 


WILLIAM H. TALIAFERRO 
Depariment of Bacteriology and Parasitology, University of Chicago 


The early immunological studies on helminths were for the most 
part limited to various immunological and serological tests that could 
be used in diagnosis. These investigations yielded many interesting 
facts regarding immunological relationships of the worms and several 
practical diagnostic aids as, for example, those used in hydatid disease. 
Furthermore, from the standpoint of the mechanism of acquired immu- 
nity, they demonstrated that specific antibodies and specific hypersen- 
sitive states are the rule rather than the exception in worm infections. 
During this time most immunologists and parasitologists considered 
that the larger animal parasites would not stimulate any demon- 
strable acquired immunity which would inhibit the development of 
or kill the parasites. In general, recovery and elimination of infection 
were presumed to be largely an expression of old age and death of the 
parasites. About 10 years ago, however, investigators began to collect 
evidence that infection with some of the metazoan parasites prevents 
superinfection, and recovery from infection results in a greater or less 
acquired immunity to subsequent infection. Such cases are now being 
reported with increasing frequency. 

In the present review, emphasis will be placed on those few helminths 
which have been studied from the standpoint of the mechanism of 
acquired immunity. Specifically, I shall consider in detail the work on 
certain larval tapeworm infections, where the antibody basis for im- 
munity has been furthest analyzed, and on Nippostrongylus muris 
of the rat, where the mechanism of acquired immunity has probably 
been studied from the most angles. I shall then attempt to correlate 
these data with the findings on the other metazoan infections. Stud- 
ies on the actual demonstration of acquired immunity will be omitted 
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except for the few forms considered in this review. The extremely in- 
teresting series of investigations on natural and age (which includes 
both natural and acquired factors) immunity and on immunologically 
nonspecific factors, such as diet, size of infection and age and genetic 
constitution—all of which affect both natural immunity and the abil- 
ity to develop acquired immunity—will only be considered from a 
general point of view. All other immunological and serological data 
will be omitted from discussion. 

The earlier immunological work on parasitic worms is surveyed by 
Taliaferro (1929) and the more recent work by Culbertson (1938). 
Comprehensive reviews, according to Culbertson, are given by di 
Aichelburg (1936) in Italian and by Schulz and Shikhobalova (1935, 
1937) in Russian. Special aspects of the subject are treated by 
Cameron (1934 and 1937), Chandler (1932b), Clapham (1933), Kotlan 
(1934), Peters (1936), Sandground (1929), Schmid (1936) and Tali- 
aferro (1934). 

I. THE UTILITY OF PARASITIC WORMS FOR IMMUNOLOGICAL STUDIES. 
All evidence indicates that the humoral and cellular mechanisms opera- 
tive in acquired immunity against helminths are fundamentally identi- 
cal with those operative against other infectious and noninfectious anti- 
genic agents (see Taliaferro, 1934). Accordingly, the nature of the 
helminths and the type of infection they produce give them certain pe- 
culiar advantages and disadvantages as material for immunological 
studies on acquired immunity to infection. The chief points of interest 
are as follows: 

Inasmuch as most worms do not reproduce in the body, each adult 
worm represents one infective larva. This permits the quantitative 
control of the infective dose and resulting infection in a far more exact 
manner than can be attained with bacteria or protozoa which multiply 
and accumulate in the host at varying rates. 

Most of their outstanding advantages are related to their large size. 
Thus, because their tissues can be isolated, immunological studies can 
be made on tissue specificity, as was done by Canning (1929) in Ascaris. 
The larger forms furnish abundant material for immunization, for the 
preparation of the antigens, for the isolation of specific carbohydrates 
and for other chemical studies (cf. the large quantities of immunolog- 
ically active polysaccharide prepared by Campbell, 1936a, from As- 
caris). In addition, their course in the body can be followed and the 
effects of immune processes on them can be ascertained in a way that is 
impossible with most bacteria. An intermediate position in this last 
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respect is held by the protozoa which have been studied extensively 
from the standpoint of the actual effect of immune processes. 

The helminth parasites have, on the other hand, certain specific 
limitations as material for studying immunity, chief among which is 
that no investigator has so far succeeded in cultivating them for long 
periods outside of the host. The fact, however, that Glaser and Stoll 
(1938) reported the rearing of the larvae of Haemonchus under sterile 
conditions outside of the body to a point in the fourth larval (second 
parasitic) stage seems to indicate that these difficulties may to some 
extent be eventually overcome. Furthermore, results, such as reported 
by Sarles (1938), demonstrate that worms can be kept in serum out- 
side of the body long enough to study the effects of antibodies on them. 

II. METHODS OF DEMONSTRATING IMMUNITY. Immunity may be 
complete—at least in the sense that no developing or mature forms can 
be found. Frequently, however, infective stages penetrate the first 
barriers of the immune animal, but, in comparison with the normal host, 
fewer worms start development, more are delayed in migrating and are 
arrested in their development, and some may die. In the case of in- 
testinal infections, those that do develop may be stunted and eliminated 
more quickly from the body. Stunting is frequently associated with 
the production of fewer eggs by the females (lower fecundity or inhibi- 
tion of reproduction). 

Determination of the absolute number of worms (worm burden) is 
generally obtained after killing the host. In most intestinal infec- 
tions and in somatic infections with large parasites, such as the larval 
tapeworms, the worms are generally counted directly. In other cases, 
and particularly in somatic nematode infections, the worms can be 
separated and concentrated after macerating and digesting the host 
tissue in an artificial gastric juice of pepsin and hydrochloric acid. 
Such a method gives no information about dead parasites because the 
latter are digested along with the host tissue. Motile worms which 
react positively to heat can, after digestion of the host tissue, be con- 
centrated in the Baermann apparatus which was originally devised for 
the isolation of hookworm larvae from the soil. Nonmotile worms can 
be concentrated by washing and sedimentation. Occasionally, motile 
worms can be concentrated from macerated tissue in a Baermann ap- 
paratus without preliminary digestion. A few intestinal parasites can 
be effectively removed by anthelminthics without sacrificing the host. 
Once obtained, the parasites can be counted and their relative develop- 
ment ascertained. 











472 WILLIAM H. TALIAFERRO 


In infections with intestinal parasites or where eggs are passed in 
the feces, the degree of immunity can be ascertained approximately by 
using Stoll’s egg-count method (or a modification of it) which has the 
advantage of not necessitating killing the host. This method consists 
essentially in determining the number of eggs passed per gram of feces 
or per day and, in conjunction with the average number of eggs pro- 
duced per female and the average sex ratio, gives a fair approximation 
of the number of worms in the intestine. It was devised for work 
under field conditions where the infections generally consist of worms of 
different ages which have been subjected to varying immunological 
factors. In the study of single infections and particularly of infections 
in immune animals, the results obtained must be interpreted with due 
regard to such facts as the following: 1, the number of eggs produced 
per female (fecundity) varies with the age of the female and, hence, 
with the length of infection (see for example Herrick, 1928, and Sarles, 
1929a); 2, the fecundity of females is generally lower in heavy infec- 
tions (see for example Hill, 1926, for hookworm of man; Sarles, 1929a, 
for hookworm of dogs; Winfield, 1933, for Heterakis in rats); 3, the sex 
ratio may change, especially during the latter part of the infection; 
and finally, 4, females under the influence of immune processes often 
produce fewer eggs (see work on Nippostrongylus). 

In addition to the preceding measures of resistance, which are ex- 
pressed as effects on the parasite, pathological effects on the host have 
also been used. Such measures vary all the way from estimations of 
general malaise through specific pathological effects (for example, the 
number of local hemorrhages in the lungs of rats infected with Nip- 
postrongylus as ascertained by Sarles and Taliaferro, 1936) to determina- 
tions of the death of the host. Nevertheless, the fact that an immune 
host exhibits comparatively minor discomfort from an infection whereas 
a control exhibits pronounced ill effects from an infection of equal de- 
gree does not necessarily indicate specific antitoxic effects, as suggested 
by certain authors. It may simply indicate that the parasites in the 
immune host are stunted and their general activity retarded. 

III. NATURAL IMMUNITY AND VARIOUS NONSPECIFIC FACTORS IN- 
FLUENCING INFECTION. In evaluating acquired immunity it is essential 
to eliminate, as far as possible, natural immunity which is independent 
of past infection or immunizing procedures and which rests predomi- 
nantly on nonspecific factors in the immunological sense. Where im- 
munity is measured solely in terms of resistance to invasion, the im- 
munity can be definitely classified. In most cases, however, it is meas- 
ured in terms of effects on the parasite which has had an appreciable 
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sojourn in the host and which, therefore, may have encountered factors 
of natural immunity at first and those of acquired immunity later. 
This condition is exemplified in initial infections with Nippostrongylus 
where, in addition to natural immunity, acquired immunity develops 
during the second week and results in the expulsion of most of the para- 
sites from the intestine at about the end of the second week. 

In spite of the difficulty of separating natural from acquired immu- 
nity, a few generalities regarding natural immunity and immunologically 
nonspecific factors may be pointed out. On the one hand, absolute 
natural immunity is found against the helminth parasites as against 
other invading organisms and is indicated by the limitation of certain 
parasites to specific hosts. The worms differ from the protozoa, how- 
ever, in that they more frequently develop in abnormal hosts, so-called 
accidental parasitism. In such hosts they may pursue their course for 
varying periods. They may complete their usual development, may 
survive for only a short time or may be arrested at various stages of 
their development. On the other hand, even the most susceptible host 
may be unsuitable as a medium for the development of all of the para- 
sites. Data on this point are interesting in spite of the fact that such 
matters as probable damage to the larvae before infection are difficult 
to evaluate. Thus, to cite only two examples, Shorb (1933) found that 
less than one per cent of Hymenolepis fraterna develop in rats and 
mice, and Scott (1929) found that only 45 per cent of a cat-adapted 
strain of Ancylostoma caninum develop in young kittens. These data 
may be similar to the findings in malaria where only a small percentage 
of the forms produced by reproduction survive in the nonimmune host 
under the most favorable conditions (see review by Taliaferro and 
Mulligan, 1937). 

The literature on immunity to infection with helminth parasites has 
to a large extent been concerned with natural immunity, age immunity 
and various immunologically nonspecific factors which influence the 
development of the parasites (see review by Culbertson, 1938). From 
the standpoint of the present review, this work shows clearly that the 
following factors have to be controlled in experiments on acquired im- 
munity either because they affect natural immunity or because they 
introduce nonspecific factors which affect the development of the para- 
site, the development of natural immunity or the acquisition of acquired 
immunity: 

1. Natural immunity to a given parasite obviously varies with the 
species of host, but also with the genetic constitution of individuals of 
the same species of host. 
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2. Age immunity develops with age. It undoubtedly consists of 
natural immunity and probably of the ability to develop acquired 
immunity. 

3. Diet, including experimental avitaminosis, affects both natural 
immunity and the ability to develop acquired immunity. 

4. The fact that the degree of infection influences the fecundity of 
the females has already been mentioned. The same is true for the 
development of the parasite. As a rule, as the infection becomes 
heavier, the survival, the rate of development and the final size of the 
worms decrease. 

5. In at least one infection, the larval form of T'aenia taeniaeformis 
of the rat, the development of acquired immunity is associated with sex 
and can be apparently modified by treatment with sex hormones 
(Campbell, 1939b). 

IV. Acqurrep mmmunity. A. Mechanisms of Host Resistance. The 
life cycle of each form considered in this review is briefly described 
because it is frequently complex and determines the type of infection, 
the intimacy of contact with the tissues, the location of the points of 
defense and probably the degree of immunity. 

1. Taenia. Most of the cestodes which have been used in studying 
immunity belong to the family Taeniidae, and typically show an 
alternation of hosts. In the species considered in this review both 
hosts are mammals. The adult tapeworm occurs in the lumen of the 
intestine of the definitive host with its scolex or “‘head’’ more or less 
intimately attached to or buried in the mucosa. The larval tapeworm 
(cysticercus, hydatid, etc.) inhabits various parenteral tissues of the 
intermediate host where it may migrate extensively. 

The adult tapeworm, T'aenia taeniaeformis (= TT’. crassicollis), is a 
parasite in the intestine of the cat. Its eggs, when swallowed by rats 
or mice, liberate larvae (onchospheres) which penetrate the intestinal 
mucosa and are carried by the portal blood system to the liver where 
they develop into bladder-like forms which are often designated Cysti- 
cercus fasciolaris. The scolex becomes evaginated from the bladder 
and may develop a chain of segments (strobilocercus). 

a. Humoral phases of immunity. Although an acquired immunity 
against this infection was postulated as early as 1888 by Vogel because 
he frequently found only one cysticercus in wild rats or mice, it was 
first demonstrated by Miller (1931b). Miller found that animals with 
a few or many cysts of the larval form of 7’. taeniaeformis in the liver 
are protected against large numbers of onchospheres fed from 56 to 155 
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days thereafter and are more effectively protected than artificially 
immunized animals. Furthermore, removal of the cysts from the 
liver does not appear to decrease the immunity within a period of 60 
days (Miller and Massie, 1932). Artificial, active, acquired immunity 
after repeated injections of freshly ground or powdered adult tapeworms 
is striking within a period of 167 days, as evidenced by the almost com- 
plete inhibition of the growth of the cysticerci in most rats (Miller, 
193la and 1932b). Fresh material retains its potency for at least 3 
months when frozen and kept in evacuated ampoules, and powdered 
material is similarly active after the lipoids are removed. The injec- 
tion of an efficient antigen after the rats are infected does not cause 
inhibition of cyst development (Miller, 1932b). In studying the anti- 
genicity of nonspecific worm materials, Miller (1935a) found that par- 
tial protection against larval infection with T. taeniaeformis can be 
induced in rats by feeding the larval forms of 7’. pisiformis or by intro- 
ducing the adult form of the same species intraperitoneally, whereas 
no protection against the same form is afforded by dried materials of 
T. pisiformis and several other cestodes (see also Miller, 1932b). 

An antibody basis for this immunity was demonstrated by Miller and 
Gardiner (1932) who showed that serum from rats actively immunized 
by infection is effective in inhibiting cyst development in normal rats 
in doses sometimes as low as 0.25 cc. per 100 gram rat. Passive im- 
munity with serum lasted for 26 days and in 2 of 4 rats for 36 days. 
Serum from artificially immunized rats is less active than from infected 
animals and serum from rabbits similarly immunized is only slightly 
protective. Miller (1934) ascertained that immune serum is curative, 
i.e., arrests the development of cysticerci already growing in normal 
rats. An appreciable degree of immunity is passively transferred to 
offspring from infected mothers and lesser degrees from artificially 
immunized mothers (Miller, 1935b). Various additional facts were 
brought out by Miller and Gardiner (1934). Of particular interest is 
the fact that Miller (1932a) found that kittens and cats infected with 
adult tapeworms of 7’. taeniaeformis are not protected against superin- 
fection with additional intestinal forms. 

Taenia pisiformis is one of the commonest tapeworms of dogs and 
cats, and the larval form, often designated Cysticercus pisiformis, de- 
velops in the liver and mesentery of rabbits. 

Miller and Kerr (1932) artificially immunized rabbits to varying de- 
grees to the larval infection of this form by injecting ground fresh or 
dried adult worms. Kerr (1935) extended this work and, in addition, 
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found that infection in the rabbit results in immunity to superinfection, 
and that immunity can be passively transferred by doses of at least 2 
ec. per 100 gram rabbit. 

Findings of great theoretical importance on the mechanism of anti- 
body-action against larval tapeworms have been brought out in a 
series of papers by Campbell. He (1936b) demonstrated that the total 
immunity of rats to the larval stage of 7’. taeniaeformis can be divided 
into an “‘early’’ acquired immunity, which prevents larvae from de- 
veloping to a recognizable stage in the liver, and a “‘late’’ acquired im- 
munity, which results in the death of the cysticerci after they have 
formed recognizable cysts. There is also a certain degree of ‘“‘late’’ 
immunity in controls which represents a natural immunity. The two 
types of acquired immunity probably arise from the stimulation of 
different antigens in the worm because the relative amounts of the 
two types of immunity vary markedly following immunization with dif- 
ferent fractions of the adult worms. Further study (1938a, b, ¢) indi- 
cated that the antibodies associated with “early” immunity arise within 
1 week after infection, are produced by immunization with ground 
fresh larval worm material and can be absorbed from immune serum 
with such worm material; whereas the antibodies associated with ‘‘late’’ 
immunity arise several weeks after infection, are not produced by 
immunization with ground fresh larval worm material and cannot be 
absorbed from immune serum with such worm material. Campbell 
suggested that the antibodies associated with ‘‘late’’ immunity do not 
arise from artificial immunization and are apparently nonabsorbable 
because the antigens are elaborated by the living parasite and occur 
only in insufficient quantities in ground worm material. Another pos- 
sibility may be that the antigens disappear rapidly from the parasite 
after death and grinding. Immune antienzymes and the nonabsorb- 
ability of antibodies are considered further under Nippostrongylus. 

2. Echinococcus. The adult Echinococcus granulosus is a small tape- 
worm from the small intestine of the dog, wolf, jackal and fox. The 
larval stage or hydatid is found in sheep, cattle, pigs, camels and man. 

The investigations on 7'aenia have dealt mainly with larval infec- 
tions. It is, therefore, interesting that Turner, Berberian and Dennis 
(1933, 1936) produced a high grade but partial protection in the dog to 
the intestinal infection with E. granulosus by injecting phenolized or 
formalized suspensions of dried scolices and germinal membranes of 
fertile hydatid cysts from cattle. Using essentially the same antigen 
in an attempt to immunize lambs against the somatic larval infection 
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with the same parasite, Turner, Dennis and Berberian (1937) found that 
the immunized animals become infected, but with fewer cysts, and that 
the cysts show thicker surrounding adventitia, more calcification and 
degeneration of the germinal layer. The increased tissue response of 
these immunized animals should be compared with the results reported 
later for Nippostrongylus. 

3. Nippostrongylus. The life cycle of Nippostrongylus muris is repre- 
sentative of a number of intestinal nematodes. The eggs are evacuated 
with the feces from infected rats and develop into infective larvae. 
The infective larvae, if they penetrate the skin of a rat, reach the lumen 
of the intestine via the skin, blood, lungs, trachea and esophagus. 
The adult worms are bisexual, measure 4 to 6 mm. in length and are 
generally found in the upper part of the small intestine. The devel- 
opment outside of the body takes about a week or less, migration 
through the skin and lungs and establishment in the intestines is ac- 
complished in 2 to 3 days, females are mature and begin to lay eggs 
6 to 7 days after infection, and most of the adult worms are expelled 
from the intestine due to acquired immunity approximately 2 weeks 
after infection. During the first two weeks of the infection when the 
larvae are actively feeding in the tissues, with the coincident passage 
of secretions and excretions from their meuth, anus and excretory pore, 
and are growing and migrating through the skin, lungs and intestine, 
inflammation and cellular changes are minor and quickly disappear. 
Thereafter, the rat is immune and inflammation is more pronounced, 
as will be discussed hereafter. 

In addition to age immunity, Africa (1931) and Schwartz, Alicata 
and Lucker (1931) reported that rats after recovery from infection 
with N. muris are relatively resistant to subsequent reinfection. These 
results have been verified and studied quantitatively from many angles 
by Chandler (1932a, 1935a, b; 1936a, b; 1937a, b; 1938), Spindler (1933, 
and 1936), Graham (1934), Porter (1935a, b, c), Sarles (1938, 1939), 
Sarles and Taliaferro (1936) and Taliaferro and Sarles (1939). A re- 
view and theoretical discussion are given in Chandler (1937b). Ac- 
quired immunity has now been produced not only by infection, but also 
by implanting the worms directly into the duodenum (Spindler, 1936; 
Chandler, 1936b). Various degrees of immunity can also be induced 
by the injection of dead worm material (Chandler 1932a, 1936b), 
by the death and disintegration of adults placed in the body cavity 
(Chandler, 1936b), and by the inoculation of living larvae of the closely 
related Longistriata adunca (Chandler, 1932a)—but not by the inocula- 
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tion of the less closely related larvae of Ancylostoma caninum (Chandler, 
1937a). 

The worms, according to Sarles and Taliaferro (1936) and Taliaferro 
and Sarles (1939), pursue the same course in immune rats through the 
skin, lungs and intestine as in normal rats, but the activities of the 
worms and the reactions of the host may be profoundly altered. In 
sufficiently immune rats, for example, larvae of a reinfecting dose are 
immobilized, stunted and delayed in their migration in the skin and 
lungs and a few may be killed, whereas those that eventually reach 
the intestines lay few eggs, continue to be stunted and are quickly 
eliminated via the intestinal tract. Many of the worms seem to be 
more or less engorged with masses of precipitate, and masses of similar 
appearing material may be found near them in thetissues. Inaddition, 
exudate cells rapidly mobilize and continue to be present for weeks or 
months in areas containing worms. In the skin and lungs, but not 
in the intestine, such cellular accumulations quickly form nodules 
around sufficiently immobilized worms and, if the worms die, the nodular 
macrophages eventually clear up the resulting debris. 

Several investigators, and especially Chandler (1932a, 1937b), have 
emphasized that the immunity is evidenced largely by an inhibition 
of egg-laying and a retardation of growth and development, without 
in most instances producing lethal effects on the worms. These in- 
hibitory effects are mainly temporary because Chandler (1936a) was 
able to show that stunted worms, transplanted from the intestines of 
immune to nonimmune animals, grow and start egg production. In 
highly immune animals, however, many worms do die in the skin and 
lungs. 

a. Humoral phases of immunity. The present evidence indicates 
that humoral factors assume a predominant role in immunity. Chand- 
ler (1932a) first stressed the general nature of immunity to this para- 
site. Then, because of his inability to find evidence of an antibody by 
passive transfer (1935a), he stressed its local nature in the intestine 
and suggested a nutritional basis due probably to antienzymes. Later 
(1936b, 1937b, 1939) he divided the immune mechanism into ‘‘paren- 
teral’”’ and intestinal immunity. According to him, “parenteral im- 
munity” is always general; arises from the antigenic stimulation inci- 
dent upon the tissue migration of the larvae; and is associated with 
passively transferable antibodies, a heightened tissue response, reten- 
tion and destruction of larvae in the parenteral tissues, a more rapid 
disintegration of adult worms transplanted to the peritoneal cavity and 
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a stunting of growth and inhibition of reproduction of the worms; 
whereas intestinal immunity, although it admittedly can be a part of 
the parenteral immunity, can be purely local and not transmitted to the 
blood. He maintains (1939) that the local character of the intestinal 
immunity is shown by its failure 1, to produce a heightened skin reac- 
tion to invading worms; 2, to influence the parenteral phase of develop- 
ment; 3, to be transferred to a parabiotic twin, and 4, to be passively 
transferred in serum. 

Undoubtedly many manifestations of immunity and, particularly, 
those in the intestine may remain localized, but until more conclusive 
evidence is brought forward, the reviewer considers that the same hu- 
moral and cellular mechanisms, chief among which are specific anti- 
bodies, are involved in both Chandler’s ‘‘parenteral’”’ or general im- 
munity, and local intestinal immunity. The observations so far 
accumulated can be explained on the basis that there is both a local 
production and a local recruitment of antibodies and cells. Anti- 
bodies, for example, are probably initially produced locally and be- 
come generalized only if their location, concentration and amount 
permit them to reach detectable concentration in the blood or if the 
antigens become generalized. On the other hand, once they reach 
appreciable concentrations in the blood, they may diffuse into local 
areas of defense because of various changes in capillary permeability 
associated with inflammation (Menkin, 1938). 

According to Taliaferro and Sarles (1939), the mechanism of immunity 
in the skin, lungs and intestine (omitting from consideration the ul- 
timate origin of antibodies from cells) is primarily humoral with sec- 
ondary cellular coéperation. The same authors have pointed out that 
during the intestinal-phase of the infection the worms pierce the epi- 
thelium and ingest antibodies (as evidenced by precipitates) and formed 
elements of the tissue and blood and pour antigenic secretions into the 
lamina propria. Actually, therefore, the worm in the intestine has an 
intimate contact with a lymphoid tissue and the blood and lymph. 

1. Passive transfer of immunity. Passive transfer of immunity was 
first demonstrated by Sarles and Taliaferro (1936) and their findings 
have been corroborated and extended by Chandler (1938) and Sarles 
(1939). With the possible exception of the death of the worms in the 
skin, all the manifestations of immunity can be duplicated in normal 
animals by the passive transfer of serum from immune animals. Sarles 
(1939) has even found that immune serum given after the worms have 
become established in the intestine may result in their expulsion. The 
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antibody effects of precipitate formation, and the immobilization of 
the larvae and the prevention of their feeding, but, obviously, not the 
cellular phases, have been duplicated to various extents with immune 
serum in vitro by Sarles (1938). 

2. The réle of precipitins. The in vitro studies of Sarles (1938) and 
the in vivo studies of Taliaferro and Sarles (1939) indicate that the cu- 
ticle of the living worm is impervious to antigenic materials. The 
materials in the gut and those passed out of the mouth, anus and 
excretory pore are the chief inflammatory stimuli and act as precipi- 
tinogens. In the immune animal the precipitins formed against these 
excretions and secretions account for the precipitates formed in and 
around the worms and also undoubtedly induce the heightened allergic 
response in a way similar to, but milder than the Arthus phenomenon, 
described by Opie (1923, 1924a, b, c, d). Visible precipitates formed 
from these antigens are the center of inflammatory responses, but prob- 
ably, as believed by Opie, even greater inflammatory responses result 
from the union of antigen and antibody within the host’s cells without 
the formation of visible precipitate. 

3. Other antibody effects. By analogy with the localization of foreign 
protein, it would seem entirely possible that the precipitins immobilize 
the parasite. In any case, the in vitro and in vivo experiments indicate 
that immobilization is primarily effected by humoral rather than cellu- 
lar mechanisms. This fact is in accord with recent work by Hanger 
(1930), Rich and McKee (1932), Rich (1933) and Cannon and Hartley 
(1938) on the localization of highly virulent bacteria and is contrary 
to the ideas of Menkin (see review, 1938) and others that, although 
antibodies may later play an important part, the primary fixation is 
due to mechanical factors of inflammation, such as coagulation of 
plasma in edematous tissue, the occlusion of lymphatics by thrombi, etc. 

The question then arises as to whether the worms are also stunted, 
prevented from assimilating food and inhibited in egg-laying by the 
precipitins. Present evidence is not conclusive on this subject, but 
several interesting suggestions have been made. 

Before work on Nippostrongylus began, Blacklock, Gordon and Fine 
(1930) showed that death of the larvae of the myiasis-producing fly, 
Cordylobia anthropophaga, in the skin of immune guinea pigs is associated 
with a precipitate in the gut and around the larvae and that the pre- 
cipitate in turn is due to the formation of precipitins by the immune 
host to the hemocele fluid and excreta of the larvae. They felt that 
this precipitate prevents assimilation of food and leads to death by 
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mechanically blocking the gut. Following the demonstration of a 
similar precipitate in Nippostrongylus by Sarles and Taliaferro (1936), 
Chandler (1937b) adopted a similar explanation for this nematode as 
a possible alternative to the one given below except that he believed the 
precipitinogens might be products of the digestion of the host’s tissues. 
The in vitro studies of Sarles (1938) would indicate, however, that 
excretions and secretions of larvae which have never been in a host 
can act as precipitinogens. Taliaferro and Sarles (1939) believe the 
secretions of the esophageal gland are particularly important. 

a. Antienzyme antibodies. The earlier suggestion given by Chandler 
(1935a, 1937b and 1939) postulated the acquisition of antienzymes by 
the host which inhibit the activity of specialized worm enzymes instru- 
mental in digesting and assimilating host proteins. He homologized 
these antienzymes with the specific growth-inhibiting substances, sug- 
gested earlier by Schwartz, Alicata and Lucker (1931), and also with 
ablastin, the reproduction-inhibiting antibody, described by Taliaferro 
in infections with the 7’. lewisi group of trypanosomes (see review in 
Taliaferro, 1938). He (1937b) implied that these postulated anti- 
enzymes are similar to ablastin and different from true antibodies in 
lacking a marked physico-chemical affinity for the antigen and, hence, 
in being nonabsorbable with their specific antigens. As pointed out 
by Taliaferro (1938), his idea is almost identical with Ascoli’s (1908) 
idea of antiblastic immunity in anthrax, especially as developed by 
Dochez and Avery (1916). There seems little doubt, on the one hand, 
that various immune serums do inhibit enzymatic and metabolic ac- 
tivity of bacteria and, on the other hand, that antienzyme antibodies 
can inhibit enzymatic activity. In both cases, however, the inhibition 
of enzymatic activity follows secondarily from the action of orthodox 
antiparasitic or antiprotein antibodies and not from immune principles 
with special characteristics. Thus, when antiserum is added to sus- 
pensions of bacteria and results in a decrease of metabolic and enzymatic 
activity, it would appear that the inhibition can be explained largely 
by agglutination which reduces the effective surface contact between 
bacteria and medium (see Blake, 1917). Similarly, when a specific 
antienzyme is added to purified enzymes in solution or to media in 
which the enzymes have diffused from the organisms and inhibits 
the enzyme activity, it would appear that the inhibition can be ex- 
plained largely by precipitation which not only decreases the dispersion 
of the enzyme but removes it from the effective field of activity. 

The work on enzymes may be briefly summarized as follows: The 
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results of Northrop (1930) and Seastone and Herriott (1937) with 
pepsin and pepsinogen, of Kirk and Sumner (1931) with urease, and of 
Campbell and Fourt (1939) with catalase demonstrate beyond doubt 
that highly purified, crystalline enzymes act as precipitinogens. Simi- 
larly, Ten Broeck (1934) has shown that crystalline trypsin, chymo- 
trypsin and chymotrypsinogen will sensitize guinea pigs. In some 
cases, such as pepsin, as pointed out by Northrop (1930), the antigenic 
action may be small due to the rapid denaturization of the enzyme at 
the pH of the serum. 

The clearest case of enzymatic inhibition is the demonstration by 
Kirk and Sumner (1931) that an antiurease antibody inhibits the 
hydrolysis of urea by urease both in vivo and in vitro. In reactions 
occurring in vivo, these authors found that rabbits can be immunized 
to withstand 100 times the ordinary fatal dose of urease and that this 
immunity can be passively transferred to rabbits and guinea pigs with 
immune serum. Kirk (1933) later showed that urease precipitated 
with this antibody and thoroughly washed with saline still retains 
about 80 per cent of its original activity, and he concluded that inhibi- 
tion of enzymatic activity is due largely to decreasing the dispersion 
of the urease. Kirk and Sumner (1934) pointed out that the lack of 
inhibition cannot be due to a dissociation of the urease-antibody complex 
because the activity of the urease can be removed from urease-antibody 
mixtures by centrifugation and removal of the precipitate. They 
suggested, therefore, that the combination of antibody and antigen is 
such as not to affect that portion of the urease molecule responsible 
for urease activity. Much the same conclusions were reached by 
Campbell and Fourt (1939) who found that although an anticatalase 
antibody precipitates catalase in definite proportions, the catalase 
activity of such mixtures is almost unimpaired. 

Briefly, therefore, the available evidence indicates that highly purified 
enzymes can act as precipitinogens. The resulting precipitins do not 
combine with the active radicle of the enzyme and do not specifically 
inhibit enzyme activity. They may, however, effectively inhibit 
enzyme activity secondarily by decreasing the dispersion of the enzyme 
and by removing it from its effective field of activity. It would seem 
likely that antiNippostrongylus precipitins may act in this way. (See 
Smith and Lindsley, 1939, for a consideration of the same mechanism 
with antibacterial antibodies.) The fact that antienzyme antibodies 
are precipitins is contrary to the implication that they show no marked 
affinity for their antigen and, hence, are nonabsorbable with such 
antigens. 
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b. Cellular phases of immunity. The cellular responses, although 
secondary to antibodies in the immediate disposal of parasites in the 
immune animal, are of importance because 1, they lead to the worm 
nodules which surround immobilized parasites; 2, they give rise to 
increased numbers of macrophages which remove dead worms, and 3, 
they may detoxify foreign proteins (possibly the eosinophils) and may 
be instrumental in producing antibodies (probably the macrophages). 
In addition, Taliaferro and Sarles (1939) have studied the origin of 
macrophages in the nodules of the skin and lungs and, in particular, 
with respect to the functional significance of the lymphocyte in the 
production of macrophages. In the nodules formed in the skin, a few 
of the macrophages represent local members of the macrophage, i.e., 
reticulo-endothelial, system, but the great majority arise by the trans- 
formation of monocytes and lymphocytes which migrate from the 
blood stream. These findings are in agreement with the earlier work 
of Maximow (review in 1927) on local inflammation. In the lungs, 
more of the macrophages arise from the division of local macrophages 
(septal cells), but some arise as in the skin by the transformation of 
monocytes and lymphocytes which migrate from the blood stream. 
The functional significance of the agranulocytes, in particular of the 
lymphocyte, in giving rise to new macrophages is in line with earlier 
studies by Taliaferro and Mulligan (1937) on malaria and of Conway 
(1939) on certain bacterial infections. 

4. Ancylostoma. One strain of Ancylostoma caninum occurs in the 
dog and another in the cat. After skin penetration it migrates as does 
Nippostrongylus except that its contact with the vascular system of the 
host in the lamina propria is more intimate (see review in Scott, 1930). 
Moreover, tissue migration is a hazard to developing larvae inasmuch 
as Sarles (1929b) found that only 9 per cent of infective larvae, if given 
cutaneously, develop in the intestine of puppies as compared to 50 
per cent if given by mouth. 

It is difficult to evaluate the réle of age resistance of dogs and cats 
to hookworm as compared to acquired immunity in many of the in- 
vestigations prior to 1931. McCoy (1931la) believed that an acquired 
immunity occurs in dogs and cats even though it may not be pronounced. 
Thus, dogs eliminate many of the worms present at the height of infec- 
tion with A. caninum as well as prevent the development of additional 
larvae and throw off second and third infections more rapidly than 
an initial one. Although Foster (1935) found reason to doubt a true 
acquired resistance in dogs, his results can be interpreted otherwise, as 
pointed out by Otto and Kerr (1939). The latter investigators demon- 
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strated beyond doubt that subcutaneous doses of infective dog hook- 
worm incite a relatively high degree of acquired immunity in dogs. 
Thus, 6 dogs withstood, with no pronounced ill effects, a subcutaneous 
superinfection of 120,000 or more larvae 31 to 60 days after the last 
of 26 subcutaneous injections with increasing numbers (15 to 30,000 
or 60,000) of larvae, whereas 4 control dogs exhibited pronounced symp- 
toms to an initial infection of the same number of larvae and 3 of them 
died 9 to 14 days thereafter. 

A few years previously, Kerr (1936) reported an acquired immunity 
to A. caninum in the mouse. In this abnormal host, the worms migrate 
normally through the tissues, but are unable to establish themselves 
in the intestine. He found no retention or walling off of the larvae in 
the lungs or liver of normal or resistant animals, but found an acute 
inflammation in the skin and in the wall of the esophagus and stomach 
24 hours after infection. This inflammation begins to disappear in 
normal mice by 48 hours, but in the resistant animals assumes the 
appearance of a chronic inflammation, is followed by a foreign-body 
reaction and eventually leads to the enclosing of the larvae in a fibrotic 
capsule. Although not demonstrated, he postulated an antibody which 
stimulates the local cellular response (cf. work by Kerr, 1938a, on Ascaris 
in the guinea pig and the role of antibodies in the allergic reaction to 
Nippostrongylus, as advanced by Taliaferro and Sarles, 1939). Later 
(1938b) he obtained suggestive evidence that the immunity can be 
transferred to normal mice with serum from mice previously infected 
with a series of sublethal doses of hookworm larvae and felt that an 
antibody may not only stimulate the cellular reactions but may also 
exert a direct effect on the larvae. 

Chandler (1939) believes that the purely local intestinal phase of 
immunity, which he postulated for Nippostrongylus, is unimportant 
in hookworm immunity, and, hence, his views on hookworm immunity 
probably coincide with those of the reviewer on Nippostrongylus im- 
munity. Available data are admittedly too meager to reach definite 
conclusions, but the studies of Kerr on the tissue reactions in the mouse 
as well as Otto’s (1939) demonstration of a precipitin giving rise to 
precipitates around the mouth and anal opening of infective larvae 
in vitro indicate that the picture throughout infection with hookworm 
is probably similar to that as set forth by Taliaferro and Sarles (1939) 
in Nippostrongylus. 

5. Trichinella. Trichinella spiralis undergoes its complete develop- 
ment in one host. The infective larvae are acquired by eating infected 
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muscle in which they are encysted. After digestion of the muscle 
in the stomach of the new host, the freed worms pass into the in- 
testine where they may develop to maturity as early as 48 hours there- 
after. After mating, the gravid females begin depositing larvae in 
about a week. The larvae reach the blood stream and become dis- 
tributed by it over the body. They generally leave the blood stream 
in the muscles, move about freely for a time and then become encased 
in a thin membranous wall which is eventually calcified. 

In 1921 Ducas reported that rats infected with T. spiralis develop 
an appreciable immunity to subsequent infection. This work, although 
not accepted by many at the time of publication, has since been con- 
firmed by McCoy (1931b) and Bachman and Oliver Gonzdlez (1935). 
McCoy (1931b) greatly extended the results of Ducas by digesting 
entire animals and ascertaining the actual number of larvae in the 
muscles. He found that previously infected rats are able to withstand 
more than twice the dose of worms lethal to the majority of control 
animals. Only one-tenth as many of the swallowed larvae in the 
immune host develop to sexual maturity and even they are eliminated 
from the intestine before they deposit larvae. The immunity, therefore, 
is largely localized to the intestine. Further evidence of an intestinal 
“block” was obtained by Bachman and Rodriguez Molina (1933) in 
hogs and by Roth (1939) in guinea pigs. In studying the development 
of trichinae in abnormal environments, McCoy (1936) found that 
rats possessing an intestinal immunity to a second infection fail to 
inhibit the development of trichinae placed in the uterus. Later 
(1938) he ascertained that many of the worms eliminated from the 
intestine of immune rats are still viable—a fact which Chandler (1936a) 
had previously demonstrated in Nippostrongylus infections and which 
again emphasizes the temporary nature of many antiparasitic effects. 

McCoy (1935) obtained various degrees of artificial immunization 
with repeated intraperitoneal injections of living trichina larvae, heat- 
killed larvae or dried, powdered larvae. In all cases the resistance in 
the artificially immunized rats did not affect the initial development of 
the adult worms in the intestine, but caused their more rapid elimination 
with a resultant smaller muscle invasion. Working with hogs, Bach- 
man and Rodriguez Molina (1933) obtained no protection against trich- 
iniasis after immunization by intramuscular injections of suspensions 
of trichina powder, and working with rats Bachman and Oliver Gonzalez 
(1936) obtained similar results after feeding or after the intraperitoneal 
injection of dried powdered trichina. Spindler (1937) reported the 
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production of a certain amount of immunity in rats, rabbits and guinea 
pigs which were fed filtrates from trichinous rabbits after digestion. 

In spite of earlier conflicting results, recent investigations indicate 
that serum from immune animals may be protective against infection. 
Salzer (1916) reported that convalescent serum from patients recovering 
from trichinosis exerts a protective and curative action. Schwartz 
(1917) questioned these conclusions and could find no evidence that 
serum from recovered animals exerts any effect on the larvae in vitro 
or influences the course of the disease when injected before or at the 
same time as feeding infective meat. It may be of significance, how- 
ever, that Schwartz could find no evidence of immunity in his recovered 
animals and may, therefore, have been working with insufficiently im- 
munized animals. Hall and Wigdor (1918) agreed with Schwartz 
that convalescent serum does not influence the development of the 
trichinae, but concluded that it does combat the toxic features of trich- 
inosis since 9 out of 15 treated rats lived longer than the controls. 
Alexander (1923) reported that four 10 cc. injections of convalescent 
serum failed to influence the temperature, eosinophil count or duration 
of the disease in 2 human patients. 

Trawinski (1935), on the other hand, reported that the subcutaneous 
injection of serum from heavily infected rabbits protects rats from 3 or 
more lethal doses of larvae, but concluded that such serum is antitoxic 
rather than antiparasitic because the treated animals survive, not- 
withstanding tremendous muscle infections. Nevertheless, there is 
at present no conclusive evidence that any of the helminths, including 
Trichinella, produces true antigenic toxins, and it is more probable 
that this so-called antitoxic effect is actually a retardation of the ac- 
tivities of the worm, possibly associated with stunting, immobilization 
and the prevention of food assimilation, asin Nippostrongylus. Culbert- 
son and Kaplan (1938) found that serum from infected rabbits passively 
protects mice to the extent that approximately half as many infective 
forms develop to adults in the intestine of treated mice as in controls 
and the muscle invasion is less. According to these authors the anti- 
body exerts its action on the ingested larvae maturing in the intestine 
rather than on the migrating or muscle forms since the number of larvae 
in the muscles is not lower than might be expected as a consequence of 
the decrease in number of adult worms in the intestine. 

Chandler (1939) believes that in trichiniasis as in Nippostrongylus 
infection there is a general “‘parenteral’’ immunity and in addition a 
highly effective, purely local intestinal immunity. It seems to the 
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present reviewer, however, that the same general criticisms which 
have been previously given of his views on Nippostrongylus hold here. 
In fact, during at least part of the intestinal infection, T’richinella has 
a more intimate contact with the parenteral tissues than does Nip- 
postrongylus. Heller (1933) found that the muscle stages, when fed 
to animals, excyst quickly and that their anterior ends can be found 
penetrating the epithelium and in the lamina propria of the gut, 
within 12 hours. Similarly, Bloom and the reviewer (unpublished 
data) have found worms deeply imbedded in the lamina propria of the 
duodenum of guinea pigs one hour after feeding worms freed from 
muscle. This intimate contact with the lamina propria (although the 
worms may later withdraw), together with the results of Culbertson 
and Kaplan (1938), would indicate 1, that Bachman and Rodriguez 
Molina (1933) and Bachman (1938) are probably correct in suggesting 
some type of antibody-antigen reaction during the intestinal phase of 
immunity; 2, that the local mobilization of leucocytes and cells of the 
reticulo-endothelial system, suggested by the same authors, is to a 
large extent the result of an allergic response as in Nippostrongylus; 
3, that the allergic mechanism suggested by McCoy (1938) is secondary 
to the antigen-antibody reaction; and 4, that the inability of the worms 
to nourish themselves on immune tissue, as emphasized by Chandler, 
is probably also due to antibodies. 

B. Effective Antigens in Immunity to Infection. The great diversity 
of antigens contained within a single worm is indicated by the com- 
paratively sharp tissue specificity found by Canning (1929) in Ascarzs. 
Only a beginning has, however, been made in ascertaining which anti- 
gens are involved in the stimulation of the antiparasitic factors in re- 
sistance to infection. The observations of Blacklock, Gordon and Fine 
(1930) and of Taliaferro and Sarles (1939) indicate that the effective 
antigens in immunity to infection are only a small number of the anti- 
gens actually present. The ineffectiveness of one antigen to stimulate 
actual resistance to infection, although stimulating the production of 
precipitins, is shown by the results of Campbell (1939a) on a polysac- 
charide which he isolated and purified from the larval form of Taenia 
taeniaeformis. He found that this polysaccharide is a complete antigen 
in that it stimulates the formation of precipitins in vivo as well as re- 
acting im vitro, but is not of functional importance in immunity to 
infection because it does not immunize rats against infection, does not 
incite the formation of protective antibodies in rabbits and does not 
absorb the protective property from immune serum. Taken as a 
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whole, these results seem to indicate that the titer of a given antibody 
arising during infection need not parallel the degree of effective im- 
munity and that caution is necessary in concluding from such a lack 
of parallelism that antibodies in general play no rdéle in effective 
immunity. 


CONCLUSIONS 


The foregoing review of acquired immunity to the helminths is not 
intended to be complete, but is designed to indicate, in the few forms 
that have been most thoroughly studied, the facts that have been 
established and the more important ideas and differences in opinion of 
various investigators in an actively progressing field. As has been 
stressed by the reviewer (1934) and others, all evidence indicates that 
the various immunological mechanisms operative against the helminths, 
both humoral and cellular, are fundamentally identical with those 
operative against other infectious and noninfectious antigenic agents. 
Therefore the worms will undoubtedly be used with increasing frequency 
to solve those general problems in immunology for which they are best 
suited. Their chief advantages are connected with their large size, 
which makes it possible: 1, to study directly the effects of the immune 
mechanisms on the parasite and on parasitic metabolism; 2, to trace 
and locate the worms in the body, a characteristic which is particularly 
helpful in studying the immune mechanism in vivo and the cellular re- 
actions of the host; and 3, to obtain large quantities of material, es- 
pecially from the larger worms, for the preparation of antigens and for 
such chemical studies as the isolation of carbohydrates and enzymes. 

In the specific field of helminth immunity, the following points are 
noteworthy: The evidence so far indicates that the mechanism of im- 
munity rests immediately on humoral factors with secondary cellular 
coéperation. Precipitins, which are formed by the host against various 
materials passing out of the mouth, anus and excretory pore of the 
intestinal nematodes, result in visible precipitates in vivo and are un- 
questionably of functional importance in the allergic reactions of the 
host. It is probable, but not proven, that the precipitins are instru- 
mental in affecting the immobilization, delay in development, stunting, 
prevention of food assimilation and inhibition of enzymatic activity 
of the parasite. In any case, humoral factors of some kind are operative. 
Two types of immunity, one “early” and the other “‘late,”’ have been 
demonstrated in infections with larval tapeworms. Both can be cor- 
related with antibodies, but whereas the antibodies of the ‘“early”’ 
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type can be absorbed with freshly ground worm material, the others 
cannot. Further work is necessary on the nature of the antigens to 
the nonabsorbable antibodies, but evidence to date indicates that they 
are materials liberated from the living parasite and occur, if at all, in 
insufficient quantities in freshly ground worm material. The nature 
of the enzymes of parasites and the possibility of the functional inhibi- 
tion of enzymatic activity by immunological antienzymes needs further 
study. The evidence so far indicates that the cellular responses, aside 
from their activity in producing antibodies, are secondary to antibody 
effects. The worm infections offer advantageous material for studying 
the local cellular reactions around parasites. They may also be used 
to study the effect of various factors, such as splenectomy and blockade 
of the macrophage system, which injure the connective tissue cells and 
thereby affect the cellular coéperation in immunity and the formation 
of antibodies. 
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THE PITUITARY-ADRENOCORTICAL RELATIONSHIP 
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Besides van Dyke’s full reviews of this subject (309), several papers 
are available reviewing special aspects of it (92, 125, 130, 133, 285). 

I. Errect oF HYPOPHYSECTOMY. In the following animals, hypo- 
physectomy is followed by a decrease in the weight of the adrenal glands: 
tadpoles (290), snakes (273), pigeons (253), mice (180), rats (43, 54, 
58, 228, 237, 285, 291), rabbits (147, 318), and cats (218). Also in man, 
Simmonds’ disease is accompanied by a decrease in adrenal size (57, 
285, 289). The effect however is not seen so clearly in all species in- 
vestigated; it is not seen in the toad (138) or the suckling pig (256). 
Although hypophysectomy often causes a decrease in the size of the 
dog’s adrenals, the decrease is by no means as constant as in other species 
(38, 125, 136, 137). In the puppy, the adrenals cease to grow after 
hypophysectomy, but their histological structure remains essentially 
normal (59). In all of the species in which hypophysectomy is not 
followed by clear-cut adrenal atrophy, the operation does cause the 
decreased body growth and thyroid and gonad atrophy characteristic 
of the condition. 

The adrenal atrophy is confined to the cortex, for the adrenal medulla 
retains for the most part its normal size and histology (58, 136, 137, 
218, 245, 273, 291, 318). The cortical atrophy is rapid: in the rat the 
gland decreases to about one-half its normal size in six days (291); 
a similar effect is reported sometimes to occur in the dog (137). At 
about a month after operation, the atrophy is complete in the rat (54, 
291), cat (218), and rabbit (318). 

The histological changes concurrent with the gross atrophy are all 
in the direction of degeneration, particularly in the inner layers of the 
cortex. In the rat (54, 237, 245, 291), mouse (180), and dog (137), 
abrupt degeneration of the zona reticularis occurs first, with vacuoliza- 
tion and pyknosis. Similar degeneration in the zona fasciculata is soon 
apparent, so that thirty days postoperatively in the rat, rabbit, cat 
and dog this zone has largely disappeared (54, 137, 218, 291, 318). 
Meanwhile the Golgi apparatus has shrunken (245) and lipoid granules 
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are rare except in the middle portion of the cortex (180, 247, 291). 
The zona glomerulosa in both the rat (54) and the dog (137) is reported 
to undergo slight hyperplasia. 

IJ. ADRENOTROPIN. These gross and histologic changes in the 
adrenal cortex are prevented either by hypophyseal implants (43, 224, 
273, 291) or by injections of suitable hypophyseal extracts (43, 76, 139, 
225, 245). Such extracts will for convenience be designated adreno- 
tropin; it is essentially the purpose of this paper to delineate the physio- 
logical actions of this substance or substances. 

Adrenotropin has been found effective in the normal (72, 225, 309) 
as well as the hypophysectomized animal, causing hypertrophy of the 
cortex but not the medulla (61, 291). In normal rats, increases in 
weight of the gland of 300 per cent have been obtained (43, 61), and in 
hypophysectomized rats increases up to 700 per cent (61). It induces 
hypertrophy of all the cells of the cortex (61, 72, 139), except perhaps 
those of the juxta-medullary zone where the cells are senescent (245); 
it induces hyperplasia, particularly of the cells in the outer cortex 
(229) ; and it causes an increase in the size of the Gelgi apparatus (245). 
It also produces a considerable formation of lipoid throughout the whole 
gland (72, 139, 229, 247), but more particularly in the outer zona fascic- 
ulata (229). 

Various methods have been used in the preparation and concentration 
of adrenotropin (10, 43, 76, 198, 229). With avery potent preparation, 
one-eighth of a milligram has been found effective (43). It has been 
prepared free from many of the other pituitary trophic substances: 
from the growth-promoting hormone (229), from the thyrotropic hor- 
mone (43, 229), from the lactogenic hormone (253), and from the go- 
nadotropic hormones (76, 229). Since many poisons or extracts may 
produce an hypertrophy in the normal, but not the hypophysectomized, 
animal’s adrenal cortex (see below), the only specific assay object for 
adrenotropin is the hypophysectomized animal, the rat being usually 
employed (43, 76, 229). Others, however, have employed normal 
animals (rats, mice) for assay purposes (172, 229, 309). 

Whether adrenotropin exerts its effects through the thyroid gland is 
a debated question, some (72, 186, 220, 258) reporting that a thyroidec- 
tomy prevents the adrenotropic action of pituitary extracts, while 
others deny it (16, 43, 139, 173, 229). Since adrenotropic extracts have 
been prepared free of thyrotropin, since hyperthyroidism in the hypo- 
physectomized rat does not induce adrenocortical growth (297), and 
since adrenal growth can be shown to occur in the absence of the thyroid 
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(320, 328), it seems probable that the pituitary’s control over adreno- 
cortical size is not exerted through the thyroid. An ‘‘adrenotropic’’ 
action in pituitary extracts would be obtained by inducing hyperthyroid- 
ism by means of thyrotropin, and such an action would be prevented 
by thyroidectomy. This consideration may account for the contro- 
versial reports. 

Adrenotropin is secreted only by the anterior lobe of the pituitary, 
since 1, removal of this lobe, without damage to the other portions of 
the gland, is followed by adrenocortical atrophy; since 2, removal of 
the posterior lobe alone does not cause appreciable changes in the 
adrenals; and since 3, implants of anterior, but not posterior, lobe 
exert adrenotropic effects (220, 291). 

Histologists have attempted to ascribe to one type of anterior pitui- 
tary cell the production of a given trophic hormone, usually with con- 
troversial and inconclusive results. This appears true of adrenotropin 
as well, for some studies ascribe its secretion to the acidophils and some 
to the basophils. In pathologic material, adrenocortical tumors may 
accompany either basophilic adenomas (56, 117) or the acidophilic 
adenomas of acromegaly (57, 117), so these data are inconclusive. The 
clearest indication that one type of cell secretes adrenotropin is to be 
found in the hereditarily dwarfed mouse, in which, after spontaneous 
degeneration of the acidophils, adrenal aplasia occurs (292). Support- 
ing this hint that the acidophils secrete adrenotropin are several other 
lines of evidence (276, 296). On the other hand, dwarf mice (21, 214) 
and thyroidectomized rats (320, 328), both having defective acidophilia, 
show normal adrenotropin reactions in some respects. This has been 
taken to indicate that the basophils must secrete adrenotropin; and 
various other studies support this conclusion (54, 285). Evidently 
the question remains open. 

Several studies, none of them with very clear results, have been made 
by means of the implant technique on the pituitary’s content of adreno- 
tropin under various conditions (73, 221, 224). 

III. PiruirarRy’s INFLUENCE ON ADRENOCORTICAL SIZE. Very little 
is known about an hypophyseal control, if any, of the adrenal cortex 
during embryonic life. In the tadpole (290), but not the embryonic 
chick (321), the pituitary is essential for normal adrenal growth; in the 
mammal the available data, while very meagre, suggest that in fetal 
life the pituitary controls the growth only of the “fetal cortex’’ (‘‘andro- 
genic” zone) (9, 70, 103, 125; see 64) and that the rest of the gland does 
not fall under pituitary control until some time postnatally (59, 73, 
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256, 292). Adrenotropin stimulates adrenocortical growth in the 4-day- 
old rat (338). 

On the other hand, pituitary control of adrenocortical size in the adult 
and young adult has been clearly demonstrated. As shown above, 
hypophysectomy or pituitary extracts greatly influence adrenocortical 
morphology in the adult. Several other methods have been employed 
to demonstrate the pituitary’s control of cortical growth; all of them 
show that stimuli normally producing growth are ineffective after hypo- 
physectomy. These reactions include compensatory hypertrophy 
after surgical excision of most of the gland and growth after transplanta- 
tion. Both are prevented by a previous hypophysectomy (48, 160, 
285; 325). Another growth reaction in the cortex is the response to 
intoxication, trauma and other stresses: a vast number of stimuli pro- 
duce this reaction (reviewed in 63, 103, 122, 278, 330)—in fact most 
disturbances in homeostasis cause adrenocortical hypertrophy and 
hyperplasia. (The pituitary is also profoundly affected by such stimuli 
(133, 278).) But after hypophysectomy the adrenal cortex appears 
entirely unable to respond; none among a variety of such intoxications 
had been found to cause any cortical growth (18, 71, 157, 277, 278, 299). 
That the stimulus to the pituitary in these reactions is a transient lower- 
ing of the available adrenocortical hormone is shown by the fact that 
adrenocortical extracts prevent all three of these types of cortical growth 
(160, 204; 160; 157). It has also been shown that such extracts, when 
administered in excess to the normal rat, cause adrenocortical atrophy 
(156, 161, 162), an effect prevented by pituitary extracts (161). 

Much the same sort of experiments have been done with regard to 
the pituitary control of the gonads and the thyroid: hypophysectomy 
prevents compensatory hypertrophy of either gland (141; 16, 135, 
207), and the “end-organ” hormone (i.e., the hormone produced by a 
gland influenced by the “central ganglion of the endocrine system”’ 
the pituitary) of either gland causes an atrophy or resting state in its 
own gland (2, 222, 230; 36, 101, 119)—the familiar ‘‘suppressing’’ 
or “antagonistic” effect of the “end-organ” hormones on the pituitary. 
These experiments may be interpreted as follows: excess available 
“end-organ” hormone causes the pituitary to secrete less ‘‘end-organ”’ 
—stimulating hormone; hence atrophy of the ‘‘end-organ”’ gland occurs. 
And, vice versa, deficient available “end-organ” hormone causes the 
pituitary to secrete more “end-organ’’—stimulating hormone; hence 
hypertrophy of the “end-organ” gland occurs. By such reciprocal 
means, a dynamic equilibrium is set up, resembling the dynamic equilib- 
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rium of reciprocal innervation of a muscle, in which the ‘end-organ’ 
gland is supplied with a physiologic control of its rate of secretion, 
depending upon the needs of the organism. Such a concept when ap- 
plied to endocrinological disease—e.g., Addison’s disease—throws the 
onus of etiology on the pituitary; this hypothesis is, as yet, neither 
proved nor accepted. 

IV. PrrurTary’s INFLUENCE ON ADRENOCORTICAL FUNCTION. Since 
the pituitary is the “central ganglion” of the endocrine system, certain 
of its actions are due to its influence on other glands. In order fully 
to prove such a relationship, it would seem that three steps must be 
taken: 1, excision of the pituitary must produce approximately the same 
effects (or, perhaps, less, see 129) as excision of the ‘‘end-organ”’ gland; 
2, the “end-organ” gland’s hormone must completely replace the hypo- 
physeoprivic deficiency; and 3, suitable pituitary extracts must be 
shown inactive in preventing the deficiency after the “‘end-organ”’ 
gland is removed. If all three of these steps are successfully taken, then 
it is demonstrated that the pituitary controls the “end-organ” gland 
which in turn controls the process under consideration. For example, 
estrus is prevented by either ovariectomy or hypophysectomy ; estrogen 
induces heat after hypophysectomy; but the gonadotropic substances 
are inactive after ovariectomy. Hence the pituitary controls the ovaries 
which in turn control estrus. If either of the last two conditions of 
proof is not fully met, then pituitary control is not demonstrated, with, 
often, the possibility that the ‘‘end-organ” gland exerts its effect by 
inducing a pituitary hyposecretion. For example, either hypophy- 
sectomy or adrenalectomy is followed by low fasting muscle glycogen 
levels (see below); but adrenocortical extracts will not entirely prevent 
this defect after hypophysectomy, and pituitary extracts will prevent 
it after adrenalectomy. Hence in this case, the fasting muscle glycogen 
after adrenalectomy is low, probably because the adrenals are not 
properly stimulating the pituitary. 

This trifold proof of pituitary control over the adrenals is by no means 
completed. The available evidence indicates that in some cases its 
control is very slight, in others much greater, and in still others, although 
control is indicated, it is not yet fully proved. It is in this order that 
the pituitary’s effects on adrenocortical function will be considered. 

Solution of many of the questions in this topic is, at the present writ- 
ing, impossible, largely because of several gaps in our knowledge of 
adrenocortical physiology. In the first place, preparations of the adren- 
ocortical hormone (hormones?), which in this paper will be designated 
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by the abbreviation ACE, have only recently been widely available in 
potent form, and many negative reports of their use are probably due 
to poor extracts or to insufficient dosage or both. It is also probable 
that none of the present preparations furnishes a really complete re- 
placement of the gland. For example, even with the best extracts, the 
observed symptoms of overdosage are very light (306, 307) in contrast 
to the effects of probable hypersecretion by adrenocortical tumors 
(219). (But see 336, 340.) In the second place, the fundamental 
question of how many hormones the adrenal cortex secretes cannot 
yet be answered. The gland appears to have a multiplicity of func- 
tions, but how they are interrelated, which lead to the others, and 
what fundamentally is the cause of death after adrenal ablation have 
not yet been solved. (See 335, 337.) In this paper the answer to 
these questions is not sought; rather, we are concerned with the one 
question: how much influence over adrenocortical functions does adren- 
otropin exert? 

A. Influence slight. It is a widely held opinion that the primary 
cause of death in adrenocortical insufficiency is a disturbance in salt 
and water metabolism; reflecting this opinion is the common usage of 
the phrase “salt and water hormone” of the adrenal cortex, originally 
coined by Long and Lukens (190). This term is now customarily used 
to differentiate the functions of the cortex in salt and water metabolism 
from various other functions; although still an hypothetical differentia- 
tion, it is useful. The nature of the disturbance in “salt and water’’ 
metabolism that leads to death in adrenal insufficiency is still an open 
question which will not be discussed here; several critical reviews are 
available (107, 109, 110, 111, 113, 175, 185, 217, 301). It seems prob- 
able that the pituitary exerts only a slight influence over this adreno- 
cortical function. 

In the first place, the adrenals are necessary for life while the pituitary 
is not (except in the case of the fowl, which will be discussed below). 
Ablation of the former is followed by death in about a week, providing 
no therapeutic measures are taken, whereas ablation of the latter, al- 
though it does shorten the life span, is not immediately fatal. Further- 
more, the changes which are most commonly associated with the de- 
fective ‘‘salt and water’ metabolism of the adrenalectomized animal 
and which are thought to lead to death, are not observed in the hypo- 
physectomized animal. These changes consist of disturbances in the 
blood Na, K, Cl, bicarbonate, non-protein nitrogen, and hydration. 
None of these constituents except K has been found changed after 
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hypophysectomy (129, 134, 211, 212). The blood K has been reported 
slightly lowered after hypophysectomy (211, 329), the reverse of the 
rise often (116, 331) but not always (304, 305) found in adrenal in- 
sufficiency. 

Another effect of adrenal insufficiency, particularly in evidence in the 
rat, is a pronounced leaching out of many of the animal’s minerals 
(259). This is accompanied by a considerable appetite for most of the 
common minerals (305). This salt-leaching effect is prevented by salt 
therapy (259) or life-sustaining diets (271). Itisnot, however, observed 
in the hypophysectomized rat (270), again an indication that hypo- 
physectomy does not result in the same kind of defective “‘salt and 
water” metabolism as adrenalectomy. 

It can be concluded, therefore, that adrenotropin does not exert the 
sort of absolute control over its “end-organ” gland that gonadotropin 
does. Evidently, the hypophysectomized animal’s adrenals still 
secrete considerable ‘‘salt and water hormone.” This is further proved 
by the fact that an adrenalectomy following hypophysectomy is fol- 
lowed by death with typical hypoadrenal symptoms (47, 269, 285). 

As has been mentioned, fowls do not survive hypophysectomy (120, 
227), although the pigeon does (216, 275). In fowls, while recovery 
from the trauma of the operation is rapid, about 80 per cent die within 
48 hours and all die within about 10 days. The major symptom appears 
to be an abrupt asthenia, followed almost at once by death. It was 
also found (120) that this could be prevented by pituitary extracts or 
ACE, thus clearly indicating that the adrenals are at fault. In con- 
firmation of this hypothesis is the report (118) that the same sort of 
symptoms and high mortality follow adrenalectomy in the fowl. 

Although in all species except the fowl, the adrenals of the hypo- 
physectomized animal appear to secrete enough “salt and water hor- 
mone” to maintain life, nevertheless, there is some evidence showing 
that they do not secrete it as efficiently as the normal animal does. 
Neither the adrenalectomized nor the hypophysectomized (94, 286) 
animal excretes water properly after it is injected intraperitoneally, 
a defect prevented in the hypophysectomized animal by ACE (94). 
Also, neither the hypophysectomized animal, treated with adequate 
lactogenic hormone, nor the adrenalectomized animal, is able properly 
to lactate. This deficiency is corrected in both types of animal by ACE 
(92, 93, 213). 

Besides these two conditions in the hypophysectomized animal in 
which the “salt and water hormone” of the adrenals appears to be 
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insufficiently secreted, there is still a third. The reaction of the organ- 
ism to the shift in body water and electrolytes that is produced by the 
administration of isotonic glucose solution intraperitoneally (60) has 
been much used in studying adrenal insufficiency (97, 108, 287, 303). 
The injection produces even in normal animals the blood changes of 
adrenal insufficiency, including those in Na, K, Cl, and protein; hence, 
it is urged, the fundamental disturbance in the two conditions must be 
similar. The performance of this experiment on the hypophysectomized 
animal might be expected to furnish a good test as to whether the salt 
and water hormone were properly secreted after hypophysectomy. 
This has been done (94), but the results are so complicated by other 
factors that they are not conclusive. The reader is referred for details 
to the interesting original paper; in some aspects, the reactions of the 
hypophysectomized rat resembled those of the adrenalectomized rat 
and in some cases ACE prevented the defects observed in the hypo- 
physectomized rats. In summary, the adrenals of the hypophysec- 
tomized rat clearly secrete sufficient “salt and water’? hormone to main- 
tain life, but in some stresses, it has been shown that this hormone is 
not secreted entirely adequately. 

A relation of adrenotropin to diabetes insipidus has been postulated 
(288). Since removal or denervation of the posterior hypophysis leads 
to a permanent diabetes insipidus, but total hypophysectomy leads 
only to a transient diabetes insipidus, the anterior lobe is thought to 
secrete a “diuretic”? hormone (80, 248). Although some experiments 
indicate this hormone to be associated with thyrotropin (80, 208), 
recent evidence minimizes the thyroid’s participation in this reaction 
(80, 299). It is possible (288) that the “diuretic hormone”’ is associated 
with adrenotropin, and it has been reported (49) that the transient 
diabetes insipidus following total hypophysectomy in the rat is pre- 
vented by a concurrent adrenalectomy. However, the permanent 
diabetes insipidus of the cat with hypothalamic lesions is not prevented 
by adrenalectomy, particularly if the animal is given saline therapy 
(164, 165). Although it is evident that the “diuretic hormone”’ of the 
anterior lobe has not yet been conclusively shown to be adrenotropin, it 
is to be anticipated that the adrenal cortex and the pars nervosa will be 
shown to be intimately related, because ablation of either leads to de- 
fective NaCl metabolism (see above and 297a). 

A slowed absorption of glucose has been observed in the adrenalecto- 
mized rat (7, 41, 50, 319) and cat (166), but not the toad (144); and a 
similar defect occurs in the hypophysectomized rat (22, 243, 262, 268). 
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Since, however, ACE does not restore the absorptive ability of the hypo- 
physectomized rat entirely to normal (82), while thyroxin does (262), 
it is evident that adrenotropin is not the only agent involved. Sig- 
nificantly also, the defective absorption following adrenalectomy is 
prevented by saline administration (7, 41, 67). Considering all these 
facts together, the absorptive defect of adrenalectomy appears due to 
the lack of ‘‘salt and water’’ hormone, while that of hypophysectomy 
appears due to several factors, among which is certainly thyrotropin. 
But whether adrenotropin is also involved is not yet clearly established. 
The other defects in absorption that follow adrenalectomy cannot as 
yet be related to the pituitary, for the effect of hypophysectomy on them 
has not yet been determined. 

A considerable anorexia occurs after hypophysectomy as well as 
adrenalectomy. In the case of the rat, either preparation shows a 
greatly reduced food intake (182, 210, 259), with a negative caloric 
balance (182). But this reaction also appears to be associated in the 
one case with the “‘salt and water’”’ hormone and in the other with non- 
adrenotropic factors, for adequate salt therapy induces a positive caloric 
balance after adrenalectomy (3, 259) and ACE does not prevent the 
weight loss following hypophysectomy in the rat (15, 154, 285). Groll- 
man and his associates (105, 285) have suggested that the growth defects 
following adrenalectomy are in large measure due to a resultant hypo- 
secretion by the pituitary. It seems more probable that inanition and 
poor absorption are the direct cause of the condition, because good 
growth has been obtained after adrenalectomy in either the rat (259) 
or the dog (3) with saline therapy alone. 

Finally, either type of operation in the rat decreases its glucose toler- 
ance (264, 267). But since salt therapy restores normalcy after adre- 
nalectomy and since ACE is ineffective after hypophysectomy (269), 
this reaction also appears subject to the conclusions drawn above. 

B. Influence partial. Those reactions in which adrenotropin appears 
to exert only minimal control over the adrenals have been discussed; 
they are: the adrenals’ ‘“‘vital function” and their effects on dextrose 
absorption, appetite, and sugar tolerance. There are, however, several 
reactions in which adrenotropin appears to exert partial, if not complete, 
control of adrenocortical functions. One of these is the adrenals’ 
participation in the processes tending to protect the animal against 
intoxication, trauma and many such stresses. 

The sensitivity of the adrenalectomized as well as the hypophysec- 
tomized animal to even mild stresses is generally recognized: to heat 
(112, 317; 291), or cold (17, 128, 255, 295, 317, 323; 17, 278, 291) or 
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muscular exercise (277, 278), to mention a few ordinary ones. Similarly 
both are very sensitive to trauma (84, 277, 278, 300; 133, 277, 278), 
hemorrhage (302; 132, 133), infection (277, 278; 133) or toxins of many 
sorts (52, 103, 184, 277, 278, 308; 133). Special conditions, it must be 
added, may modify these reactions (see 278). In these studies, frogs, 
toads, rats, cats and dogs have been commonly employed. Further 
demonstrating the participation of the adrenals in these reactions, are 
its histologic response to intoxication, which has been discussed above, 
and the reports that “‘cortin”’ excretion in the urine is increased in illness 
(315) and in the trauma of surgical operations (316). 

With respect to intoxication, certain species differences, however, 
and certain differences in the results produced by the two operations 
are apparent. The adrenalectomized toad (98) but not the adrenal- 
ectomized frog (1), appears to undergo but little change in sensitivity. 
On the other hand, the hypophysectomized toad is quite sensitive to 
intoxication (128, but see 98). The adrenalectomized dog or rat is very 
sensitive to trauma, infection, and illness, but by contrast the hypo- 
physectomized dog or rat is quite resistant, tolerating readily, for ex- 
ample, in the case of the dog, a pancreatectomy. In general, hypo- 
physectomy in the mammal does seem to decrease resistance less than 
adrenalectomy. 

In the rat, quantitative data for the effects of the two operations on 
resistance to histamine-poisoning are available. After either operation, 
the lethal dose is reported to be reduced to about the same order of 
magnitude (52, 152, 238, 322). The adrenals’ functions in this reaction 
are not cortical only, for the presence of the medulla is necessary for 
some of the resistance detectable in the normal animal and adrenalin 
alone confers some resistance in the adrenalectomized rat (152, 240, 
322, 324). 

Whether saline therapy will mitigate materially these types of in- 
toxication has not yet been quantitatively measured. The adrenalec- 
tomized dog, maintained on saline therapy, is still an exceedingly fragile 
animal (3, 5, 300). On the other hand, the rat in these conditions is in 
fairly good health, being able to stand various intoxications (84, 277, 
278, 317) far better than the untreated adrenalectomized rat. 

In the critical experiment of determining the effect of ACE on the 
hypophysectomized animal’s resistance to intoxication, it has been found 
that ACE restores the resistance of the animal (rats), partially in the 
case of histamine (238, 239, 241) and entirely in the cases of formalde- 
hyde or adrenalin poisoning (277). 

In summary, the resistance of the animal to intoxication and stress 
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appears to be under partial control of the adrenotropin-adrenocortical 
system. ‘There appear, however, to be considerable species differences 
in the degree of adrenotropin control. Further comparative and quan- 
titative studies are desirable. 

Another line of evidence showing the participation of this same system 
in the organism’s reactions to intoxication is to be found in the data 
showing its control over the lymphatic tissue throughout the body. 
The morphology of this tissue, including particularly the thymus in 
both its cortical and medullary portions, is profoundly changed in 
stresses like intoxication, malnutrition, fasting, etc., etc. (106, 277, 
278), involutionary, and other changes being very apparent. These 
reactions are almost entirely prevented by adrenalectomy (181, 277, 
278) and partially prevented by hypophysectomy (277). How these 
changes are related to resistance to stress is still very obscure; that they 
cannot be primarily and solely responsible for resistance is indicated by 
the report that although involution is prevented in the adrenalectomized 
rat, treated with saline and then submitted to stress, such rats are 
nevertheless quite resistant to intoxication (277). 

In the absence of the adrenals, not only is lymphatic involution pre- 
vented, but also thymic and lymphatic tissue hyperplasia occurs (27, 
55, 103, 168, 177, 278). The effects of hypophysectomy on this reaction 
are controversial (140, 148, 250, 278, 309). Thymic shrinkage has been 
produced in the normal, adrenalectomized or hypophysectomized rat 
with ACE, given in large doses (153, 162, 277, 278). 

From these experiments, it is clear that the morphology of the lym- 
phatic tissue is vastly influenced by the adrenal cortex. Adrenotropin 
exerts probably somewhat less, but nevertheless a very great, control 
over this tissue. It must not, however, be considered controlled only 
by the adrenotropin-adrenocortical system, for both hyperthyroidism 
(35) and gonadectomy (86, 278) lead to its hypertrophy. The gonado- 
tropic (33, 77) and many of the gonad (40, 148, 176, 274) hormones also 
induce atrophy. Since the thymus of the gonadectomized rat, but not 
that of the adrenalectomized rat, atrophies in intoxications (278), it 
seems probable that the adrenals are more closely related to the phe- 
nomenon than the gonads. 

C. Influence great. The pituitary and adrenals are also involved in 
intermediary fat, protein, and sugar metabolism. Participation in fat 
metabolism has been demonstrated in various ways. After hypophy- 
sectomy as well as after adrenalectomy, fatty infiltration of the liver as 
caused by phosphorus poisoning (312; 167), or partial extirpation of the 
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liver (279; 203, 279) or pancreatic diabetes (191; 191) is prevented. 
Chaikoff, Gibbs, Holtom and Reichert (37) dissent from the latter 
conclusion, but since both of their surviving two dogs showed only 
slight ameliorations of the diabetic state after hypophysectomy, their 
operations were presumably incomplete. Since ACE induces in the 
phosphorus-poisoned, hypophysectomized rat a considerable fatty 
infiltration (167) and since the fatty infiltration produced by certain 
pituitary extracts is prevented by a previous adrenalectomy (87, 202), 
it is clear that the phenomenon of fatty infiltration of the liver is con- 
trolled by the adrenotropin-adrenocortical system. 

Since Rietti’s first report (254) that hypophysectomy prevents the 
ketonuria caused by pancreatic diabetes, there has been a great number 
of confirmations, in various species (130, 194, 260). It has also been 
shown that adrenalectomy largely if not entirely arrests the ketonuria 
of the pregnant rat (199) and of the diabetic dog or cat (187, 196, 260). 
Similarly, the ketonuria of phlorizin poisoning is largely prevented by 
either operation (24, 74). The same type of study has been made, 
although incompletely, of the ketone bodies in the blood. Hypo- 
physectomy prevents their appearance in pancreatic diabetes (130) 
and adrenalectomy is reported to prevent the ketonemic action of 
pituitary extracts (143, 201). The interpretation commonly given to 
all of these facts is that the control of fat metabolism by the pituitary 
is carried on through the adrenals. If this is true, then adrenocortical 
extracts should be ketogenic in the normal animal. MacKay (200) 
has claimed this, but Grollman (104) denies it. 

Although it is generally agreed that adrenalectomy prevents most 
experimental ketonurias,' several recent reports (206, 226, 233) have 
denied that the ketonemia produced by pituitary extracts is prevented 
by adrenalectomy. It has also been reported that adrenalectomy does 
not prevent the ketonemia of fasting (206, 233). It is evident that the 
ketonuria of a given preparation cannot be taken as a measurement of 
ketogenesis, for any observed changes may be due to changes in the 
kidney thresholds for ketone bodies. If these studies are confirmed, 
a part, but obviously not all, of the widely accepted conclusion that the 
“ketogenic” actions of the pituitary are carried on through the adrenals, 
will have to be revised. 

The relation of the pituitary to protein metabolism has been recently 


1 This has been denied for the ketonuria produced by pituitary extracts (333, 
341). 
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reviewed by Houssay (129). In the dog the great increases in protein 
catabolism induced by feeding protein-free diets, by pancreatic diabetes, 
and by phlorizin poisoning are all much dampened by hypophysectomy, 
because in these conditions it is found that total nitrogen excretion is 
reduced by about one-half. Further studies on pancreatic diabetes 
(187, 189, 196, 260), phlorizin poisoning (74), and the protein catabolism 
induced in the rat by low atmospheric pressures (75) have in general 
confirmed Houssay’s conclusion that “the pituitary gland is an impor- 
tant regulator of endogenous protein metabolism, which it stimu- 
lates....It also takes part in the formation of sugar from protein.” 
Houssay also states: ‘““The lowered protein catabolism (following hypo- 
physectomy) cannot be explained by hypothyroidism because, although 
thyroidectomized dogs have a decreased nitrogen excretion in simple or 
protein fasting, when there is need of large protein destruction (e.g., 
in pancreatic or phlorizin diabetes) this is as exaggerated as in the con- 
trols, whereas the increase is very small in hypophysectomized animals,” 
The thyroid and thyrotropin do not therefore appear to be directly 
involved in these reactions (but see 294) ; rather, since Houssay’s review, 
considerable evidence has accumulated to show that the adrenals and 
indirectly adrenotropin are the agents involved. The rapid nitrogen 
excretion of pancreatic diabetes in the dog, cat, and rat (39, 187, 260), 
that of phlorizin poisoning (74), and that of hyperthyroidism in the 
dog (177) are all much reduced, if not prevented, by adrenalectomy, 
just as they are by hypophysectomy. The necessary final step in the 
proof—that of measuring the effect of ACE in the hypophysectomized 
animal submitted to these stresses—has been taken, with negative 
results, in the case of phlorizin diabetes (75). But in the case of pan- 
creatic diabetes, it has been shown (196) that the depancreatized- 
hypophysectomized cat treated with ACE, excretes more nitrogen than 
the untreated animal. Presumably with proper dosage and better 
preparations of ACE, the same will be found true of the other stresses. 
In summary, adrenotropin exerts a profound effect on endogenous pro- 
tein catabolism through its control of the adrenal cortex. 

Although it is evident that adrenalectomy or hypophysectomy do 
slow up either fat or protein catabolism, it is also clear that neither one 
of the glands is essential to these processes; rather, both processes can 
and do go on in the absence of adrenals or pituitary. This is shown, 
first, by the fact that both preparations lose weight, often becoming 
very thin before death. Furthermore, in investigations of the composi- 
tion of the weight loss following hypophysectomy in the rat (182), 
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though fat catabolism is slowed, it is present; protein catabolism also 
occurs to a considerable extent (14, 182, 242). Although, therefore, 
both processes continue without these glands, it seems that they go on 
very sluggishly—so sluggishly in fact that they are not able to sustain 
the animal’s fuel needs in simple stresses like fasting (293) and much 
less so in great stresses like insulin shock. Of the two great reserves of 
fuel, fat and protein, the control by the adrenotropin-adrenocortical 
system over fat catabolism appears more complete than that over pro- 
tein catabolism (182). Sustaining this conclusion is one interesting 
report that even in hyperthyroidism, the hypophysectomized rabbit is 
depleted of fat slightly if at all (45). 

Given an animal in which neither fat nor protein is readily available 
for energy, one might infer profound derangements of the carbohydrate 
metabolism. Precisely this happens after hypophysectomy as well 
as adrenalectomy. This subject, particularly in reference to the 
pituitary, has recently been reviewed in several comprehensive reports 
(121, 130, 183, 187, 194, 260, 309). (See also a recent symposium (343).) 
In this paper, only a short summary of recent work will be attempted. 
References quoted are primarily to review or to recent articles. 

In its carbohydrate metabolism, many reactions of the organism are 
common to either hypophysectomy or adrenalectomy. In both, there 
is a tendency to fasting hypoglycemia, marked after hypophysectomy, 
in both the fasting liver glycogen is much reduced, in both the fasting 
muscle glycogen is very low, and both are very sensitive to insulin 
(130, 187, 194, 260). In both the glycogen stores increase but little in 
response to low atmospheric pressures (75), and in both the severity of 
phlorizin diabetes is markedly reduced, there being little or no glycosuria 
(74, 130). The ameliorating effect of hypophysectomy on pancreatic 
diabetes is firmly established; the effect of adrenalectomy on pancreatic 
diabetes is also clear: it ameliorates the experimental condition, to much 
the same extent as does hypophysectomy, in the toad (142), rat (104, 
187, 193), cat (39, 78, 115, 187, 196), and dog (145, 187, 196). Neither 
salt therapy nor the presence or absence of the adrenal medulla ap- 
preciably alters these reactions (187, 298, but see 51). 

But proof as to how many of these reactions are due to the adreno- 
tropin-adrenocortical system has been difficult and only recently suc- 
cessful. Since ACE was often not found, in the earlier work, to produce 
a reversal of the effects of adrenalectomy or hypophysectomy (142, 
187, 194, 260) and since it has never been found to be as diabetogenic 
as pituitary extracts (104, 142, 145, 196), the hypothesis that all the 
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pituitary’s effects on sugar metabolism were due to adrenotropin was 
never clearly established. Very recently, however, ACE, given in 
very frequent doses, has been found to induce diabetes in the adrenal- 
ectomized-depancreatized dog or cat (196), in the adrenalectomized- 
partially depancreatized rat (88, 104, 193) and in the “Houssay” cat 
(196), thus in some measure confirming the theory. And yet, the case 
is not clear since pituitary extracts are still diabetogenic, although 
perhaps reducedly so, in the adrenalectomized-depancreatized animal 
(145, 187, 194). This has led to the hypothesis ‘“‘that the anterior 
pituitary can influence carbohydrate metabolism a, by the action of 
the adrenotropic hormone in stimulating the activity of the adrenal 
cortex, and, b through another factor (or factors) that exerts its effect 
directly on the tissues” (88). 

Confirmation of this hypothesis is furnished by other studies of the 
effects of ACE on sugar metabolism. Taking the clearest possible case, 
that of fasted hypophysectomized rats, it has been shown (Grollman 
dissenting, 104) in these that frequent ACE administration induces a 
great increase in liver glycogen (48, 83, 174, 195, 265) and a return of the 
blood sugar to normal or mildly hyperglycemic levels (48, 174, 195, 
265). But this treatment does not restore the depleted muscle glycogen 
to normal (195, 174, 265), and it cannot be said to be very hypergly- 
cemic (48, 104, 253, 265).2. The deposit of muscle glycogen, instead, 
appears controlled by an extra-adrenotropic factor, for it can be greatly 
increased by injecting pituitary extracts into the adrenalectomized rat 
(23, 263). Besides these hormonal studies, the effects of the two opera- 
tions on muscle glycogen differ in their timing: whereas hypophysectomy 
leads at once to defective muscle glycostasis, adrenalectomy leads to 
it only several days postoperatively (23). Such experiments strongly 
indicate that following adrenalectomy muscle glycogen levels are poorly 
maintained in fasting and stress (30, 194) because of a pituitary hypo- 
secretion induced by the adrenalectomy. Exactly how the excessive 
sugar utilization of the fasted hypophysectomized rat (81, 223, 261) 
is related to adrenotropin and the adrenals is not yet clear; in one recent 
report, Russell (263) considers that both are involved. The relation 
to the adrenal cortex of the other multitudinous—and protean—types 
of action of pituitary extracts on carbohydrate metabolism is still an 
open question (66, 187, 233, 295, 326, 327). That all the pituitary’s 
controls over carbohydrate, fat, and protein metabolism follow directly 


2 Confirmation (334, 337, 339, 342), along with the suggestion of synergistic 
effects by the two glands (339), has recently been obtained. 
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from two or three fundamental processes is a very attractive, but still 
controversial, hypothesis (187, 284, 326). 

In summary, evidence that many of the changes in carbohydrate 
metabolism following hypophysectomy are due to the resultant adreno- 
cortical hypofunction is rapidly accumulating. The old clinical observa- 
tion (219, 283) of diabetes in association with some adrenocortical 
tumors thus receives experimental support. It must be emphasized 
that although at this present writing some aspects of the pituitary 
control appear adrenal and others extra-adrenal, the distinction is still 
none too clear, being, in some but not other regards, a matter of degree 
rather than of kind. For example, ACE restores, in the hypophysec- 
tomized rat, a modicum of muscle glycogen, although it does not restore 
it to normal or super-normal. The conclusions drawn are only tenta- 
tive; they require amplification, and, particularly, application to other 
species than the rat. But the present status of the subject furnishes 
the answer to several troublesome questions that have hitherto been 
unexplained ; it appears that the carbohydrate metabolism after adrenal- 
ectomy is less defective than that after hypophysectomy because the 
pituitary after adrenalectomy is still functioning fairly well. After 
adrenalectomy, pituitary extracts are found active in carbohydrate 
metabolism by some workers but not by others because some extracts 
contain primarily the adrenotropin-mediated activities and others non- 
adrenal factors. But there are still many points to be settled. For 
example, from what precursors in the adrenalectomized rat treated with 
pituitary extracts does the muscle glycogen come, since after adrenal- 
ectomy neither fat nor protein is readily broken down? 

Many investigators have in mind the possibility that the thyroid 
participates in these reactions. Its influence, however, appears light 
in comparison with that of the adrenal cortex (19, 69, 130, 187, 194, 
but see 294), particularly from Russell’s (262) study. 

D. Influence suspected. The control by hypophyseal adrenotropin 
over the “‘vital’’ function of the cortex, over absorption, and over an- 
orexia has been shown to be minimal, in contrast with the intimate con- 
trol exerted over intermediary fat, protein and sugar metabolism. 
There are also certain adrenal reactions which the pituitary probably 
influences greatly, but which have not yet been adequately established. 

Another consequence of adrenalectomy as well as hypophysectomy 
is asthenia and susceptibility to fatigue, demonstrable with a variety 
of technics (27, 90, 114, 149; 59, 154, 155, 272, 314). The onset of this 
condition is rapid, occurring in the rat within twenty-four hours after 
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either operation (149, 154); the adrenal medulla is not apparently 
involved (159). The asthenia of hypophysectomy appears to be greater 
than that of adrenalectomy, for the former operation reduces perform- 
ance to about 3 per cent of normal whereas the latter reduces it to 
about 15 per cent of normal (151, 154, 155). Other types of activity 
in the organism, both entailing work by the skeletal muscles, are sim- 
ilarly reduced by either operation, i.e., spontaneous activity, as measured 
by the revolving drum technic, and the ability to withstand exposure to 
cold (15, 150, 249, 250; 17, 123, 255, 278, 281, 291, 317, 323). In all of 
these, salt therapy has but slight ameliorating effects (249, 317). 

The effect of ACE on the hypophyseoprivic animal’s behavior in these 
situations is, with one exception, minimal. It prevents none of the 
asthenia of the hypophysectomized toad (126) and none of the sus- 
ceptibility of the hypophysectomized rat to fatigue in swimming (314). 
It restores some of the hypophyseoprivic rat’s “‘liveliness,’”’ but increases 
only very slightly its spontaneous activity (15). It does produce an 
appreciable but slight resistance to fatigue in ergographic tests on the 
rat, raising performance from an operative low of about 3 per cent of 
normal to 22 per cent of normal (154). All of these data point to min- 
imal control by adrenotropin over the hypophysectomized animal’s 
susceptibility to muscular fatigue. However, one report entirely dis- 
sents from this conclusion. The great susceptibility to cold of the hypo- 
physectomized rat is said to be entirely prevented by ACE (17). On 
the other hand, the hypothermia of hypophysectomy is reported not 
prevented by ACE (105). 

Considerably more experimental work on this topic is desirable, since 
obviously some types of hypophyseoprivic asthenia appear due to the 
resultant adrenotropin deficiency, others less so, and still others not at 
all. Studies of the lowered muscular efficiency that follows either oper- 
ation have not yet clearly shown its cause. The effect of the two glands 
on muscle glycogen has been discussed and it seems likely that this is 
the main cause of the asthenia. The great reduction of available muscle 
fuel in either preparation would certainly be expected to lead to a great 
asthenia. Furthermore, ACE restores the muscle glycogen after adre- 
nalectomy (30, 31), and it abolishes the asthenia as well (114, 151). 
In the hypophysectomized rat, ACE restores neither the muscle glyc- 
ogen nor, in large part, the asthenia (see above). On this basis, to 
restore full muscular efficiency in the hypophysectomized animal, a 
combination of adrenotropin (or ACE) and the pituitary “‘glycostatic” 
factor would be necessary. This has been shown true to some extent. 
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Crude pituitary extracts are reported to prevent the asthenia of the 
toad (128), and to restore, sometimes to normal, the rat’s spontaneous 
activity (249). However, they were inactive in restoring the rat’s 
ability to withstand the fatigue of swimming (314). Also, adrenotropin 
is no more effective than ACE on ergographic performance, and rela- 
tively pure preparations of mammatropin, thyrotropin, or the growth 
promoting hormone exert only minimal effects (163). 

Besides the changes in muscle glycogen after either operation, various 
other muscle compounds have been studied. Muscle phosphocreatine 
is reported reduced by either operation by some (32, 44, 178, 209, 231, 
234) but not by others (89, 197). Lactic acid production is also re- 
ported reduced (44, 209, 232, 313) or unchanged (89, 124). Prevention 
with ACE of some of these defects in the hypophysectomized animal 
has been attempted, with negative results (127). 

The relation of the pituitary gland to blood pressure was fully re- 
viewed by Houssay (132) in 1936; in this paper his review will only 
be brought up to date. The possibility of some connection between 
the basophil cells of the pituitary and hypertension has aroused con- 
tinuous interest (56, 117) but has not been clearly demonstrated in 
pathologic material (244). Experimentally the relation has received 
much support. Adrenalectomy largely prevents the hypertension 
produced by renal ischemia (25, 42, 68, 99, 235; one dissenting report, 
257) and that produced by intracisternal kaolin injections (169). 
Neither the medulla (6, 100, 235) nor salt therapy (68, 99, 235) partic- 
ipate in these effects to any great extent. Hypophysectomy is also 
reported (236) partially to arrest experimental hypertension. The 
critical experiment of treating the hypertensive hypophysectomized 
animal with ACE has not yet been performed; moreover, neither ACE 
nor pituitary extracts have yet been shown to be truly hypertensive in 
either the normal or the adrenalectomized animal with ischemic kidneys 
(42, 99, 235). An extract of hypertensive blood is said to be adreno- 
tropic (170) and of hypertensive urine to contain “‘cortin” (315). One 
interesting report has been made (26) that the establishment of exces- 
sive pituitary secretion in the amphibian, Amblystoma, by pituitary 
transplants is followed by various signs of hypertension in kidneys, 
heart, and skin. These data are all strongly suggestive, but do not as 
yet furnish full proof of the hypothesis that the adrenotropin-adreno- 
cortical system are involved in hypertension. 


* Two recent reports suggest that this will soon be adequately demonstrated 
(336, 344). 























PITUITARY-ADRENOCORTICAL RELATIONSHIP 511 


The common embryonic origin of gonads and adrenal cortex, the his- 
tory of the curious “‘X-zone”’ or ‘‘androgenic zone’’ in the ontogeny of 
some species (64, 103) and in pathology (103, 117), the many overlapping 
effects of extracts of the two glands (34, 46, 95, 96, 102, 109, 158, 246, 
266, 274, 310, 311), and other experimental relations of the two (61, 
62, 118, 146) all point to some sort of gonadotropic or gonad hormone 
action by the adrenals and vice versa. That the pituitary controls 
these reactions seems very probable (61, 62, 64), but what their meaning 
is in normal physiology is still obscure. In the fowl, the adrenals ap- 
pear essential to reproduction (118), but in the rat (91) and the dog 
(4), all the reproductive processes up to lactation may be normal in 
the absence of the adrenals, providing adequate saline therapy is given. 
The defective lactation appears to be due, as has been shown above, 
to deficient secretion of the “salt and water hormone.”’ 

V. ADRENOCORTICAL INFLUENCE ON PITUITARY FUNCTION. The 
pituitary, as is now generally recognized, is the “source and target of 
active substances” (85). No doubt, the adrenocortical hormones 
profoundly affect pituitary secretion rates, but these effects remain 
largely undefined. The following papers discuss various points (46, 
53, 65, 125, 171, 215, 285). 

VI. Discussion. Adrenotropin may be said to have the following 
functions: it controls the adrenal cortex’s activities in sugar, fat, and 
protein metabolism, and, to some extent, its activities in protection of 
the organism against intoxication. It is probable that it controls the 
adrenals’ functions in muscle metabolism, in experimental hypertension, 
and in some species, reproduction. The adrenals’ vital functions and 
their influence on sugar absorption and appetite—those which are cor- 
rected to a large extent by salt therapy—appear only minimally con- 
trolled by the pituitary. Presumably, the portions of the cortex only 
slightly affected by hypophysectomy, i.e., primarily the glomerular 
layer, secrete the “salt and water” hormone. This is in keeping with 
the following generality: those processes which are necessary for life 
are, to a degree, autonomous; although they may be profoundly influ- 
enced by the correlating systems of the organism, they can function 
independently. Thus, the parathyroids, the internal secretions of the 
pancreas, and the outer layers of the adrenal cortex are largely independ- 
ent of control by the “‘central ganglion of the endocrine system,” the 
pituitary. 

Since hypophysectomy leads to degeneration of the internal layers of 
the cortex, it seems plausible to ascribe to them the adrenal secretions 
not produced after hypophysectomy, i.e., the sugar metabolism and 
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other effects. This suggests that the adrenal cortex secretes two 
hormones at least: one, the “‘salt and water hormone” and the other(s), 
those that influence sugar metabolism, ete. But there are other possi- 
bilities. One is that the hypophysectomized animal’s adrenals secrete 
only enough hormone to maintain its “salt and water’’ functions, but 
not enough beyond this quantity to maintain its sugar metabolism and 
other functions (see 79). Another possibility is that the autacoid 
produced by the outer layer, as it passes in the normal animal down the 
adrenocortical sinusoids toward the medulla, is worked over—chemically 
changed—by the fasciculate and reticular layers so that it acquires, in 
addition to its “‘salt and water’’ functions, the other functions of the 
cortex. Now in the normal animal, the two inner layers of cells are 
derived from the outer layer (160a)—in fact, the adrenocortical cells 
are thought slowly to move from the capsule toward the medulla, 
eventually dying at the juxtamedullary zone (see 122). In the hypo- 
physectomized animal, however, the internal layers of the cortex have 
degenerated; they are not present to work over—or “ripen’’—the hypo- 
thetical secretion of the outer layer. The hypophyseoprivic animal 
secretes only an “immature” hormone. The function of the pituitary, 
then, would be to preserve the lives and secretory activities of the adren- 
ocortical cells in the fasciculate and reticular phases of their history. 


SUMMARY 


The control exerted by the pituitary over the adrenal cortex appears 
great in some aspects, partial in some, and minimal in others. The 
data are best summarized in tabular form: 





| 
ADRENOCORTICAL FUNCTION DEGREE OF PITUITARY CONTROL 





Vital function, i.e., relation to ‘“‘salt and water’’ | 





eee ee eee eee | Slight but demonstrable 
EE TE ee | Slight but demonstrable 
NS SET | Slight 
Resistance to the stresses of intoxication, trauma, 

PDE E Te ek cue eee cece neds ccccccccccnce | Partial 
RET) CURSES Oe | Probably complete 
cer aig «NES 5 sols ve sw obein's nels dinie | Probably complete 
SEE Pe Pe ere | Probably complete 
i oa ia ain nome ct nae eammnn | Suspected but not yet 


| clearly proved 
......| Suspected but not yet 
_ clearly proved 
Reproduction in some species.....................| Suspected but not yet 
| clearly proved 


Experimental hypertension......... 
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Whether or not the inorganic matter of bone will be deposited in ade- 
quate amounts together with an organic matrix of the usual shape and 
texture is known to be influenced by the following factors: 1, the endo- 
crine glands, especially the parathyroid, the thyroids, the pituitary and 
the sex glands; 2, the vitamins, particularly vitamins C and D; 3, the 
supply of calcium and phosphate as compared with the daily require- 
ment, and 4, in certain species, at least, the acid-base balance of the 
individual. 

It is the purpose of the present review to correlate the recent informa- 
tion which is pertinent to these four categories.! 

An inadequate supply of calcium and phosphate to an otherwise 
normal animal obviously has its effect on bone itself. The places of 
action of the other three groups of factors are often not so obvious. 
These factors may change the course of calcification by their influence 
directly or indirectly in one or more of the following ways: 1, by acting 
directly on the bone cells and thereby altering the rate of deposition 
and solution of the inorganic and organic solids; 2, by varying the net 
absorption of calcium and phosphate from the intestinal tract, or 3, by 
regulatin the urinary excretion of these constituents. 

Much o. the work of the last few years has been directed toward 
finding the locus of action of the factors known to be physiologically 
active in calcification, and toward defining their action in the different 
tissues. To this end, efforts have been made to determine whether the 
bone salt can form spontaneously from blood plasma. The answer to 
this question would determine 1, whether it is necessary to assume that 
the bone-forming cells are required to increase the concentrations of 


1 Since, in 1935, there appeared a comprehensive review of calcium by Schmidt 
and Greenberg, this review will be confined largely to contributions made since 
that time. 
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calcium and phosphate locally in order to initiate precipitation, or 2, 
whether sufficiently high concentrations of calcium and phosphate in 
the body fluids have already been provided by the balance between 
absorption and excretion. Three lines of recent research bear on this 
point—namely, 1, application of the Mass Law to the ionization of 
calcium salts and of phosphates in the blood plasma; 2, investigation 
of the nature of the bone solid by chemical analysis and x-ray spec- 
trography, and 3, a study of the steps involved in the formation of the 
bone salt. 

Calcium ions in body fluids. Rona and Takahashi (1913) were the 
first to give experimental evidence that part of the calcium of the blood 
plasma was not freely diffusible through a semipermeable membrane 
presumably due to combination with protein. Since that time other 
procedures including ultrafiltration, the determination of the solubility 
of calcium salts, such as CaCQs, in solutions of plasma proteins, and the 
contraction of the frog heart, have been used as techniques to study the 
problem. The latter procedure is a means of estimating Cat* concen- 
tration directly. If the concentration of ultrafiltrable calcium should 
exceed the concentration of Cat*, the difference would indicate the 
amount of calcium in unionized combination with a diffusible or ultra- 
filtrable anion. When allowance is made for the Donnan equilibrium 
effect in ultrafiltration experiments, the results indicate that not more 
than 5 per cent of calcium of the plasma is present in such a non-ionized, 
diffusible form. 

From observations, with the aid of the frog heart, on blood sera of 
varying calcium and protein concentration, McLean and Hastings 
(1934) (1935) concluded that the Ca** of serum could, as a first approxi- 
mation, be expressed by the Mass Law Equation 


[Ca**] x [Prot™] 


~ [CaProt] rai 





pCa** + pProt™ — pCaProt = pKcaprot 


It is implied in this equation that the protein combines with calcium 
as if it were present in the form of divalent anions. The value of 
PKcaprot Of the total serum proteins, as they exist in normal human 
serum, was reported to be 2.22 + 0.07. 

Essential confirmation of this value was found by determining the 
increase of solubility of CaCO; in solutions of serum proteins (Weir and 
Hastings, 19386). The value 2.17 + 0.07 was found in concentrated 
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solutions of serum proteins by Chu and Hastings (1938). Morison, R. 
‘McLean and Jackson (1938) found similar values in the serum of hyper- 
thyroid and myxedema patients. 

Greenberg, Larsen and Tufts (1934, 37) have avoided the uncertainty 
in the assumptions that the proteins act as dibasic acids and that the 
the calcium-combining power is proportional to the base-combining 
power as determined from titration curves. They expressed the Mass 
Law Equation in the form 

P ] B 


—_ i 1 t+ 

Cal A Cap 
in which A represents the maximum calcium-combining capacity per 
gram of protein, P, and A X B = K. Cay represents the diffusible 
calcium. If this application of the Mass Law is valid, plotting 


P/CaProt against — should give a straight line. The term B 
Cat 


D 
l ; 
would be represented by the slope and A by the intercept. Greenberg 


and Tufts (1937) tested the equation for human and dog blood over a 
fairly wide range of protein concentration, assuming that all the diffus- 
ible calcium is ionized. Their results may be described by the equation 


— = 0.403 + ae which leads to the value, pKeaprop = 2.44. 


Since total Ca = Ca++ + CaProt, and total protein = Protein= + 
CaProt, the Mass Law relation can be expressed as: 


[(Ca**] & [Total Prot] -. 
Total.Ca = —__—____—_. Ca 
[Ca++] + K r 
If the value of Ca** is constant, as in normal sera, or as in those with 
low protein content in the absence of a disturbance of calcium metab- 
olism, the relation between total calcium and total protein can be 
expressed by the simple regression equation: 


Total Ca = m Total Prot + b 


M. Miller (1937) determined the total calcium, albumin, globulin, 
and total protein in the serum, and the relatively protein-poor pleural 
or ascitic fluid of twenty-five patients. The total protein of the sera 
was either low or near the normal value. A statistical analysis of his 
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results indicated that the relation of calcium to the protein could be 
expressed by the equations: A Ca = 0.561 X A Protein, or A Ca = 
0.639 X A Albumin + 0.485 X A Globulin. A represents the differ- 
ences between the concentration in the serum and the transudates. 
The relative calcium-combining powers of albumin and globulin ap- 
peared to be proportional to their base-combining powers. Although 
most of the values obtained for calcium and protein were explainable 
on the basis of the expressions given above, it may be significant that 
the values on two patients showed such a deviation that they could 
not be explained on the same basis. 

The simple regression equation, Total Ca = m Total Prot + b, does 
not hold in cases of lymphogranuloma inguinale, which is characterized 
by a hyperglobulinemia (Gutman and Gutman, 1936, 1937). The 
discrepancies suggested that different serum globulins bound different 
amounts of calcium in these sera. Better agreement between the 
observed and the calculated values were obtained from the equation: 


Total.Ca = m, albumin + mz, “globulin II” + mg, globulin I + b, 


where b = 5.8 + 0.2 mgm. per 100 grams serum H,0. 
m, is 0.7 to 0.9 mgm. calcium per gram albumin, 
m: globulin II is a constant of the order of 1.0 to 1.5 mgm. calcium 

per 100 grams of serum H,O. 

mg is of the order of 0.1 to 0.2 mgm. calcium per gram of globulin I, 
globulin I is assumed to represent all the globulin in excess of a 
total globulin concentration of 3.0 grams per 100 cc. 

Jeanneny and Servantie (1937) have also questioned the applicability 
of the simple equation in hyperglobulinemia. The findings of Roepke 
and Hughes (1935) are also pertinent to this question. Their results 
indicate that the very great increase in the calcium of laying chickens 
(20 mgm./100 cc.) coincides with an increase of the phospholipin and 
the appearance in the blood stream of a phosphoprotein similar to ovo- 
vitellin. Although part of the inorganic phosphate is not ultrafiltrable 
and, therefore, possibly exists as a precipitate with part of the calcium, a 
larger portion of the increased calcium may be combined with the 
phosphoprotein, or possibly with the phospholipin as an undissociated 
non-diffusible compound. 

Several globulins of the blood plasma have been purified by Green, 
and their calcium-combining properties determined with the aid of the 
frog heart preparation by Drinker, Green and Hastings (1939). Con- 
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siderable difference was found among the various globulins in respect 
to their pKgap,o¢ as follows: 





PROTEIN PKCaProt CaProt* 

mM per gram 
CLS A 2.96 0.024 
ET PU RO LAUS oobi eels ce. 2.70 0.037 
EET ee Pe 2.00 0.005 
EE PT Pe ee 3.13 0.086 


* Calculated for the condition that Ca**+ = 1 mM per kilo H,0. 


It is obvious from the results that hyperglobulinemia which involved 
an increase in one fraction predominantly would result in a variation 
from the value 2.22 found usually for the pKgap,,.¢ of the blood serum. 
This offers an explanation of the results found by Gutman and Gutman. 

The calcium-combining power of the proteins referred to in the 
experiment above has been determined at pH 7.4. If the equation 
proposed by McLean and Hastings is valid, one would expect the pro- 
teins to combine with more calcium at pHs higher than 7.4, and less 
calcium at lower pHs. The experiments of Weir and Hastings, over 
the pH range 7.0 to 7.8 suggest that this is true, although the pH range 
covered is too small to be conclusive. In this connection, Seekles (1936) 
has found that the ultrafiltrable calcium of the blood increases about 7 
per cent when the pH is changed from 7.4 to 7.0, and decreases about 
2 per cent when the pH is increased to 8.0 from 7.4. 

The similarity in results obtained by means of solubility experiments 
and the Straub frog heart on solutions of serum proteins gives support 
to the validity of the results obtained by the latter method of deter- 
mining the concentration of calcium ions. Certain precautions in the 
use of the latter technique are implied in the work of G. Orzechowski 
(1936) who found that various finely divided substances,—kaolin, 
barium sulfate, calcium carbonate, or oxalate, increased the am- 
plitude of the beat of the hypodynamic heart. This suggests that 
caution should be used in the interpretation of results obtained with 
blood in which a calcium precipitate may be present. Other experi- 
ments concerning the influence of Ca*+* on the isolated heart have been 
carried out by T. Takezaki (1936), Nahum and Hoft (1937), and Hagen 
and Singer (1936). Additional procedures which might lead to other 
means of measuring Ca** concentrations are desirable. In that con- 
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nection, the determination of the Cat+* concentration in milk by means 
of the solubility of the calcium salt of tropeolin 00 (R. Nordbé, 1939) 
is of interest. The apparent solubility product of CaSOQ,, CaCO; and 
tertiary calcium phosphate in various organic acids and the drop in 
pH observed when CaCl, is added to a partially neutralized solution 
of the acids has been employed by Greenwald (1938) to measure the 
dissociation of the calcium salts. 

Blood inorganic phosphate. The phosphate of the blood is practically 
completely ultrafiltrable and diffusible when the concentrations of both 
calcium and phosphate of the blood plasma are near the normal levels. 
Calcium and phosphate apparently form a small amount of undisso- 
ciated salt at concentrations lower than that at which precipitation can 
be initiated, but the amount is so small as to be hardly detectable by 
the available procedures for the determination of [Ca++]. When the 
concentration of either calcium or phosphate is sufficiently increased 
in blood plasma, a ‘‘colloidal calcium phosphate’? complex is formed 
(Laskowski, 1933; Greenberg, Larsen and Tufts, 1934; McLean and 
Hinrichs, 1938). Evidence is lacking to indicate whether the precipi- 
tate differs from the calcium phosphate precipitate formed in organic 
solutions at similar concentrations of calcium and phosphate ions. 
When found in blood, the precipitate is prevented from settling out by 
virtue of the protective action of the protein colloids. 

McLean and Hinrichs (1938) injected phosphate intravenously and 
determined the Ca** of the blood plasma by means of the frog heart. 
The difference between the total calcium, and the sum of Cat* (as 
determined by the frog heart), and the calcium bound by protein 
(calculated by the procedure of McLean and Hastings) were assumed 
to represent the amount of colloidal calcium phosphate ‘‘complex.”’ 
The results indicated that the formation of the colloid continues over a 
period of hours after the blood is withdrawn from the animal, and until 
the product Ca++ X P of the blood plasma (in mM per liter) approaches 
3. Gersh (1938) finds that injected calcium phosphate or that formed 
in the blood plasma by increasing the calcium concentration is phago- 
cytized in the liver, spleen, and bone marrow. 

The dissociation constants of phosphoric acid in solutions of ionic 
strength similar to that of blood have been determined by Sendroy and 
Hastings (1926), and can reasonably be expected to be applicable to 
the calculation of the concentrations of the three phosphate ions, 
H,PO,-, HPO,g-, and PO, in blood plasma. 
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Formation and composition of the bone salt. The earlier literature 
concerning the composition of the bone salt is to be found in the excellent 
review of Huggins (1937). 

The chemical analyses of inorganic matter of calcified structures have 
demonstrated that its composition can be expressed approximately as 
(CasPO,),CaCOs; in which n is between 2 and 3 (Logan, 1935b). Be- 
tween 3 and 5 per cent of the calcium may be replaced by magnesium, 
and between 2 and 3 per cent by other bases, chiefly sodium (Gabriel, 
1894). Some of the variation in composition to be found in the litera- 
ture is undoubtedly due to faulty methods of analysis or is a consequence 
of dry ashing, which was formerly a standard procedure in the prelimi- 
nary preparation of the material. 

Nevertheless, serial analyses have amply demonstrated that the 
composition is not always the same. The carbonate of the bone 
increases with age in certain species—for instance, in rats (Kramer and 
Shear, 1928) and dogs (Gabriel, 1894)—and the relation of calcium to 
magnesium and carbonate has been found to vary with age in bone 
(Swanson and Iob, 1937), and is quite different in enamel, dentin, and 
bone (Armstrong, 1935; Logan, 1935b; Armstrong and Brekhus, 1935). 
To express accurately the composition of the total inorganic material 
of different calcified tissues of different species or of one species at 
different ages by a single chemical formula is therefore out of the 
question. 

The inorganic matter of bone shows the same lines in the x-ray 
spectrogram as do the apatite minerals, one member of which, dahllite, 
has a chemical composition similar to that of bone. Calcium phosphate 
precipitates formed in neutral or alkaline solutions give x-ray spectro- 
graphs similar to bone or apatite, whether their chemical composition 
approximates Ca3(PO,)2, or [Ca3(PO,)2]s,CaCO; (de Jong, 1926; Taylor 
and Sheard, 1929). The absence of CaCO; or CaHPO, as independent 
substances is indicated by the absence of lines characteristic of any 
of their crystal forms (Roseberry, Hastings and Morse, 1931). Since 
the crystals of the bone salts are always small, not larger than 10~* cm. 
and often between 10-* to 10-* em., the diffraction lines are somewhat 
diffuse (de Jong, 1926; Moeller and Trémel, 1933; Bale, Hodge and 
Warren, 1934; Reynolds et al., 1938). The surface, per unit weight, 
of these crystals would be relatively much greater than that of crystals 
sufficiently large to be visible with a microscope. Such submicroscopic 
crystals would consequently present excellent conditions for adsorption. 
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In slightly acid solution, the calcium phosphate precipitate formed 
is CaHPQ,, which forms relatively large, regular crystals, and has a 
diffraction pattern entirely distinct from the bone salt. 

Important x-ray studies in relation to the position of the atoms in 
the molecule of apatite minerals and tooth substance have been made 
by Gruner, McConnell, and Armstrong (1937), McConnell (1938), 
and Hodge Le Fevre and Bale (1938). The union of the inorganic salt 
and the protein of bone has been studied by Caglioti and Giganti (1936), 
who found that the linear dimension of the elementary cell of the 
apatite along the c axis is the same as that of two peptide linkages 
(co = 6.9 A). That the crystallites are arranged in a regular pattern 
accommodating the functional demands on the tissue appears evident, 
(Caglioti, 1936, Reynolds et al., 1938; Stuhler, 1936). The longitu- 
dinal orientation of the crystallites of normal bone is not evident in 
rachitic bone, nor is it regained on recovery from the deficiency (Clark 
and Mrgudich, 1934). Fluoride poisoning also disturbs the orientation, 
and, thereby, unfavorably alters the physical characteristics of the bones 
and teeth of rats, according to Reynolds et al. (1938). Reynolds, Hay- 
den and Corrigan (1939) found that the diffraction pattern of the inor- 
ganic matter of bone in osteitis fibrosa cystica showed a structure 
different from that of apatite. 

Ion products. Contributions to our present understanding of the 
solubility relations of the bone salt began with the application of the 
Mass Law to the problem. 

At first sight, it would appear that the bone salt and body fluids 
provide an example of an equilibrium between a slightly soluble salt 
and a liquid phase to which the solubility product law is applicable. 
The problem has proved to be much more complicated than this, due 
to the fact that the calcium salt which is finally present in bone is differ- 
ent from the one which first forms. This means that the product of 
calcium X phosphate ion concentrations necessary to form the precipi- 
tate is greater than the product at which it will dissolve. In considering 
the question of the biological significance of calcium X phosphate ion 
products, it is, therefore, necessary to define whether one is concerned 
with precipitation or solution. 

The first demonstration that there is a quantitative relation between 
the concentrations of calcium and phosphate of blood serum and 
calcification in vivo was provided by the classic work of Howland and 
Kramer (1922). They showed that in rickets, the product Total Ca X 
Total Phosphate (expressed as milligrams per cent) was 35 or less; in 
normal plasma, the product was 40 or greater. Although the product 
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of Howland and Kramer can now be more accurately expressed in terms 
of [Ca++] X [HPO,=], the original formulation still retains its practical 
value. However, this simple relation is not alone adequate to describe 
the formation of the bone salt. 

Holt, LaMer and Chown (1925), and Sendroy and Hastings (1926) 
equilibrated solutions containing calcium and phosphate, and, in some 
cases carbonate ions, with relatively large amounts of calcium phos- 
phate precipitates. The ion product, [Cat++]* x [PO], calculated 
from the calcium and phosphate content of the solution and the pH, 
after prolonged shaking, was 10~** to 10-2’ for solutions of the same ionic 
strength as blood plasma. Because the product, [Cat+*+]* xk [PO.}, 
calculated from the original calcium and phosphate ion concentrations 
of the blood plasma, is 10-*%-° to 10-**-5, the results suggested that the 
blood plasma was greatly supersaturated with respect to the bone salt. 
Later, a “solubility product” for bone and dahllite was determined as 
described above. The product, [Cat*]’ K [PO ]* x [CO;-], was 
thought to represent equilibrium conditions with these solids. The 
results led to similar conclusions concerning the supersaturation of the 
blood plasma (Browman, 1935). 

Wendt and Clarke (1923) were the first to suggest that the formation 
of CaHPQ, was a step in the formation of ‘‘tertiary calcium phosphate.” 
Shear and Kramer (1928) equilibrated blood plasma with CaHPO, 
and concluded that blood plasma was undersaturated with respect to 
this salt. The importance of this line of attack was subsequently not 
fully appreciated, because x-ray examination made untenable the 
hypothesis that substances of composition similar to the bone salt could 
be mixtures or solid solutions of CaHPO,, Ca(OH)s, and CaCQs3. 

The concentrations of calcium, phosphate, and carbonate required 
to initiate precipitation of the inorganic substances, which have the 
crystal lattice of bone or apatite, depends on the steps involved in their 
formation. If formed by simultaneous union of all of the ions, then 
it should dissolve at essentially the same concentrations as those neces- 
sary for its formation. The probability of the occurrence of such a 
simultaneous combination of all the necessary ions is so low, however, 
that the formation of the final bone salt in one step is highly improbable. 

A study of the course of precipitation indicated that the precipitate 
formed by more than one step (Logan and Taylor, 1937). The follow- 
ing evidence in favor of that viewpoint was obtained by adding calcium 
chloride to phosphate solutions maintained at pH 7.4, and observing 
the course of the reaction for as long as 30 days. It was found that: 

1. Precipitates formed from solutions containing excess calcium 
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(but no CO), a few minutes after adding the reagents together, change 
in composition by removing calcium (and presumably OH), but no 
phosphate, from the solution. 

2. The precipitates first formed from solutions containing an excess 
of phosphate always lose phosphate to the liquid phase. 

3. If carbonate is present in the solution, the loss of phosphate from 
the precipitate parallels the CO, uptake. 

4. Calcium, carbonate, and hydroxyl ion may be removed from 
solution, even when their concentrations are such that the ion products 
[Ca++] X [CO;-] and [Ca++] XK [OH-f are less than the solubility 
products of CaCO; and Ca(OH)2. Other ions forming insoluble cal- 
cium salts—i.e., fluoride or alizarin, are taken up in large amounts 
by the precipitate. (It would reasonably follow, therefore, that Catt 
and HPO, may be taken up by the precipitate at concentrations below 
the solubility product of CaHPO,. The composition of precipitates 
formed from solutions containing phosphate in excess can best be 
explained on the basis of this assumption.) 

5. The composition of the precipitate after long equilibration depends 
on the composition of the liquid phase. For instance, the amount of 
CO, in the precipitate is increased as the products [Ca*+*] X [CO 37] of 
the liquid phase approach the solubility product of CaCO;. When the 
precipitate (such as bone salt) is equilibrated with a solution different 
in composition from that in which it was formed, the composition of the 
precipitate changes even though the possibility of recrystallization is 
precluded. Ions, such as CO;-, can be exchanged for OH~ to bring 
the precipitate in equilibrium with the new liquid phase (Logan and 
Taylor, 1938). 

Steps in the formation of the precipitate. The steps (as visualized by 
Logan and Taylor, 1938) concerned with the formation of the bone 
salt, will now be described, starting with the last step and subsequently 
describing each immediately preceding one. The last step in the 
formation of the bone salt is accomplished by the uptake of CO;-, 
(OH), ete., together with calcium.? A preceding step must be the 
formation of the crystal lattice of the final product with the apatite 
crystal structure, possessing the forces and providing the spaces neces- 
sary to accomplish the last step. Its chemical composition is presum- 
ably Ca3(PO4)2 * H,O, or a ratio of 3 Ca to 2 PO,. 


? The precipitate can exchange CO;, OH, and PO, (or HPQ,) as the composition 
of the liquid phase changes. Consequently, Ca and CO; need not be taken up or 


removed in equivalent quantities. The same applies to gain and loss of Ca 
and HPQ,. 
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Loss of phosphate from the precipitate during the course of precipita- 
tion is evidence, however, that this is not the first step. The first step 
is probably an aggregation of calcium and phosphate ions in the ratio 
of 1 to 1. Because precipitates formed in the physiological range of 
pH have the crystal lattice of the final substance almost immediately 
after their formation, it appears that the first aggregation does not at- 
tain the size and orientation necessary for crystal formation in this 
ratio, but loses, under these conditions, phosphate ions with the forma- 
tion of the apatite crystal lattice. Growth of the crystals is then to be 
regarded as a repetition of the process—namely, removal of calcium and 
phosphate by the lattice structure. Regardless of its composition in 
other respects, during the early formation of the precipitate, the solu- 
tion is essentially saturated in respect to CaHPO,. The precipitate 
should, therefore, attain its maximum content of phosphate early in 
the course of precipitation, and subsequently lose it as a consequence 
of the succeeding reactions. (See footnote 2.) 

If the precipitate forms according to these steps, it follows that the 
concentrations of calcium and phosphate ions necessary to form the 
precipitate are greater than those at which the precipitate will dissolve. 

The ion product, [Ca++]’ X [PO}*, at equilibrium should increase 
as the amount of solid equilibrated with a given amount of solution 
is decreased. The ion product nearest to that representing the concen- 
trations required for formation of the precipitate should be that obtained 
with a minimum amount of solid. Equilibration of various calcium 
phosphate precipitates, including the bone salt, with inorganic solutions 
and blood plasma (Logan and Taylor, 1937; Logan and Kane, 1939), 
showed that the ion product, [Ca*+*+]}* X [PO], obtained with large 
amounts of solid, was the same as that previously found by others for 
similar amounts, but when the amount was decreased, the value ap- 
proached 10-*%. This is essentially the value of the ion product, [Cat*]* 
xX [PO], calculated from the [Ca**], the phosphate and the pH of 
normal blood plasma. When calculated as [Catt] &K [HPO] for 
solutions maintained between pH 7.0 and 7.6, the values approached 
10-**, as the solid was decreased in amount. This is essentially the 
value determined for the solubility product of CaHPO, (Shear and 
Kramer, 1928). It may, therefore, be the ion product [Ca++] X 
{HPO,-] which is the deciding factor in the initiation of precipitation 
even though CaHPOQ, as a crystal entity is not produced under these 
conditions. 

The results, therefore, indicate that normal blood plasma is not super- 
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saturated with respect to the bone salt, in the sense that it could form 
spontaneously at the concentration of calcium and phosphate present. 
Once having been formed, the bone salt could not dissolve at the concen- 
trations of calcium and phosphate present in the blood plasma. The 
intermediation of cells at the site of deposition, therefore, is necessary 
for the initiation of the precipitation or for the subsequent solution, 
such as takes place in the relocation of the bone salt during the process 
of growth. Therefore, in the following discussion, the contributions 
of the last few years will, as far as possible, be considered from the 
standpoint of the influence of various factors: 1, on absorption of calcium 
and phosphorus; 2, on the activity of the bone cells, and 3, on urinary 
excretion of calcium and phosphorus. 

Absorption. The net amount of calcium absorbed from the intestinal 
tract each day is the difference between the total amount which is 
absorbed and that which enters the lumen of the intestine as a constitu- 
ent of the intestinal juices. Investigations of the calcium content of the 
various digestive juices have been reviewed by Nicolaysen (1934). 
In general, the values for the calcium content of saliva, liver bile, and 
succus entericus approximate those of normal blood plasma. Those 
for gastric juice and pancreatic juice are nearer the values for the ultra- 
filtrable calcium of the plasma. Four to ten liters of digestive juices 
are secreted into the lumen of the intestines per day by a normal man 
(Rowntree, 1922; Adolph, 1933). Consequently, 0.3 to 0.8 gram of 
calcium are secreted into the intestinal tract per day. The total amount 
absorbed by the intestinal tract may, therefore, amount to more than 
twice that which is secreted in the urine plus that which is deposited 
in the bone per day. If the cells of the intestinal wall have a diminished 
ability to absorb calcium, or if conditions in the lumen of the intestine 
are such that the calcium is precipitated (e.g., as calcium phosphate) 
before absorption, the net amount absorbed might appear as a negative 
quantity. There is thus provided an explanation for the loss of pre- 
viously absorbed calcium (or phosphate). 

At various times, an active excretion of calcium into the colon has 
been postulated. The results, however, have been based on experiments 
which are open to some question. For instance, Cowell (1937) analyzed 
fecal pellets taken from the cecum, sacculated colon, thick walled 
colon, and anus of rabbits. He found that the calcium content of the 
dried pellets increased as fecal matter descended in the sacculated and 
thick walled colon. The exterior of the pellets contained more calcium 
than did the interior. From these facts, he was inclined to consider 
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the possibility that excretion of calcium into the colon occurred in 
rabbits. The addition of calcium to the fecal mass from this source 
was, however, small compared with the urinary excretion which occurred 
on the same diet. Furthermore, it is not clear from his experiments 
whether or not intestinal juices containing calcium enter the lumen of 


‘the rabbits’ intestine at this point just as they do at higher levels in 


other species without any reference to the animals’ need for calcium. 
It is significant that the calcium of the feces was not increased when the 
blood calcium was raised to 20 mgm. per 100 cc. 

Calcium (or magnesium) when injected intravenously as the gluco- 
nate into normal well-nourished humans, is excreted in the urine rather 
than in the feces according to McCance and Widdowson (1939). 

Availability of calctum from various sources. Mellanby (1922) first 
called attention to the so-called anti-calcifying properties of cereals. 
Because 50 to 80 per cent of the phosphate in cereals occurs as phytin 
phosphorus (inositol hexaphosphoric acid ester) which is hydrolyzed 
with difficulty and forms a difficultly soluble calcium salt, it is probable 
that the phosphate of cereals is not well absorbed. Bruce and Callow 
(1934), MecCance and Widdowson (1935), and Lowe and Steenbock 
(1936) consider that the anti-calcifying properties of a cereal diet result 
from deficiency of available phosphate. In the absence of calcium 
salts, the intestinal bacteria may hydrolyze a small amount of the phytin 
and thus favor its utilization. When excess CaCQ; is present, the or- 
ganic phosphate is presumably precipitated before being hydrolyzed, 
and, consequently, is rendered unavailable for absorption. On the 
other hand, Palmer and Mottram (1937) find that the tendency of 
cereals to produce rickets resides in their low calcium and high phos- 
phate content, and can be counteracted by adding calcium lactate. 
Additional phytin, instead of increasing the rachitic properties of the 
diet, reduced it. Rats grew to maturity on white flour plus wheat germ 
and CaCO; added in an amount sufficient to make the Ca/P ratio 2/1 
(Palmer, 1939). 

From 36 to 63 per cent of phytin fed to humans is excreted unchanged 
(McCance and Widdowson, 1935). Patwardhan (1937) found an en- 
zyme in the intestine of rats which splits sodium phytate. Lack of 
vitamin D probably does not decrease the phosphatases of the intestinal 
tract, however, because Nicolaysen (1937) found that glycerophosphoric 
acid and casein phosphate were utilized as well by rachitic as by normal 
animals. 

McDougall (1938) found that the addition of 11 per cent of lard 
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or cocoanut oil prevented rickets in rats fed a diet containing 75 
per cent cereal. She considers that the fat helps to acidify the intes- 
tinal tract and improves calcium absorption by the formation of a 
soluble bile salt-calctum soap complex. Lowe and Steenbock (1936) 
noted no beneficial effects from the addition of similar amounts of lard 
or lactose to the phytin-containing diets. 

That oxalic acid in spinach prevents absorption of calcium has again 
been demonstrated by Brull and Barac (1938), and also by Fairbanks 
and Mitchell (1938). Mackenzie and McCollum (1937) had previously 
noted that when the calcium content of the diet was limited, oxalate 
retarded growth. When the diet contained adequate amounts of cal- 
cium and vitamin D, the oxalate decreased the percentage of the ash 
of the bone, one mol of oxalate evidently preventing the absorption 
of less than one mol of calcium. Herkel and Koch (1936) found that 
calcium interferes with the absorption of oxalate, while HCl and hista- 
mine promoted its absorption. 

Adolph, Wang and Smith (1938) added 25 per cent of regenerated 
cellulose to the diet of rats and studied the excretion of calcium. The 
results indicated that the extra roughage did not increase the fecal loss 
of calcium. On the other hand, Westerlund (1938) found that 20 per 
cent of paper pulp in the food caused a moderate increase in intestinal 
excretion of calcium, and that rats could be maintained on a smaller 
supply of calcium in the absence of the cellulose. Oat straw increased 
the fecal calcium excretion of rats when it comprised more than 20 per 
cent of the dry weight of the food (Westerlund, 1939). 

Kao, Cormer and Sherman (1938) compared the availability of the 
calcium in milk and Chinese cabbage. Control rats obtained the 
calcium entirely from milk in the diet. In the experimental animals, 
half of the calcium was supplied from cabbage and half from milk. As 
judged by the calcium content of the bodies of the rats after 60 days 
on the diets, the calcium of the cabbage appeared to be utilized almost 
as well as that from the milk. 

Lactose favors absorption of calcium, presumably by virtue of the 
fact that, on the one hand, it forms a small amount of undissociated 
soluble calcium salt, and, on the other, fermentation of the lactose 
results in lactic acid which permits absorption by acidification of the 
intestinal contents (Robinson and Duncan, 1931). Precipitation of 
calcium phosphate in the intestine is, thereby, retarded. However, 
lactose is not as effective in facilitating absorption as cod-liver oil, 
according to Outhouse, Smith and Twomey (1938). Comparison of 








¢ 
ry 
q 
4 








536 MILAN A. LOGAN 


sucrose, fructose and lactose, when they constituted 60 to 70 per cent 
of the diet, indicated that the digestibility of organic constituents was 
decreased, but the metabolic utilization of calcium was definitely 
increased by the above sugars as compared with glucose. The rats fed 
lactose grew at a rate which was 40 per cent less than that of the glucose- 
fed controls. Nevertheless, they deposited 97 per cent as much calcium 
and 94 per cent as much phosphate as the controls (Mitchell, Hamilton 
and Beadles, 1937). 

French and Cowgill (1937) carried out balance experiments on two 
young dogs and one adult dog. The results indicated that lactose in 
the diet favored calcium utilization only in the immature animals. 
Experiments on the effect of lactose on absorption by rats were also 
attempted by the Bergeim technique, but these gave doubtful results. 

Shohl (1937) found that the addition of a citric acid:sodium citrate 
mixture to a diet which produced mild rickets in rats converted this 
into one which was non-rachitic. The mixture appeared to be more 
anti-rachitic than equivalent amounts of citric acid or sodium citrate 
alone, or mixtures of acetic, lactic, malonic or succinic acid and their 
salts. The beneficial effects were, therefore, thought to result from a 
combination of factors. Precipitation of calcium phosphate in the 
intestinal tract is retarded because the pH of the intestinal contents is 
lowered, and because the slightly dissociated, and more soluble, calcium 
citrate is formed. The deposition of calcium phosphate after absorp- 
tion is favored because the pH of the tissue fluids is increased. NH,Cl: 
(NH,)2CO3; mixtures, as might be expected, produced the opposite 
result—namely, converted borderline diets into rachitic diets. This 
mixture tended to make the intestinal contents relatively more alkaline 
and, thereby, favored precipitation of calcium phosphate before absorp- 
tion, and by lowering the pH of the tissues, tended to retard precipita- 
tion after absorption. 

That citrate added to the rachitogenic diet increases the per cent of 
ash in the bone has been shown by Hathaway and Meyer (1939). Po- 
tassium citrate was more effective than the sodium salt. Lanford 
(1939) found that rats grew faster and stored a slightly larger per cent 
of the calcium when the diet, composed of a wheat and milk mixture, 
was supplemented by 5 cc. of orange juice per day. 

In the absence of vitamin D, Shohl and Wolbach (1935) found that 
production of rickets in rats appears to be a function of both the ratio 
of calcium to phosphate in the food and the absolute amount of each. 
Theiler, DuToit and Malan (1937) report that an intake of 0.8 gram 
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phosphate was insufficient to prevent rickets in pigs when the 
calcium/phosphate ratio was 7.5/1. When the calcium/phosphate 
ratio was 1/10, 1 gram of calcium per day was insufficient to prevent 
osteoporosis. Jones (1939) produced rickets in rats on a diet consisting 
entirely of purified materials. Vitamin D and the calcium to phosphate 
ratio of the food appear to be the only factors involved. Severe rickets 
were obtained when diets contained 3 per cent CaCO; and not more than 
0.1 per cent available phosphate. 

That rickets can be produced in rats by feeding substances, other than 
calcium, which precipitate an insoluble phosphate in the intestinal 
tract has been recognized for several years. Investigation of this type 
of deficiency has been continued by Jones (1938). He gave 5000 
International Units of irradiated ergosterol to rats fed the Steenbock 
diet 502 (high calcium, low phosphate), supplemented with yeast and 
1 per cent beryllium carbonate. Controls fed the same diet, but 
receiving no irradiated ergosterol developed very severe rickets. The 
blood inorganic phosphate dropped from 9 mgm. per 100 cc. to less than 
3 mgm. per 100 cc. Addition of the irradiated ergosterol increased 
the inorganic phosphate of the serum slightly and improved somewhat 
the ash content of the femurs. The toxicity of large doses of irradiated 
ergosterol was not reduced by adding phosphate to the diet. A few of 
the rats, which had been made severely rachitic by the addition of 
aluminum to the high calcium-low phosphate diet developed tetany 
when the aluminum was removed. The tetany was coincident with an 
increase of the blood inorganic phosphate. 

Blumberg, Shelling and Jackson (1938) produced rickets in rats by 
substituting MnCl, for calcium in a high calcium-low phosphate diet, 
and by adding the same amount of MnCl, to a diet containing optimum 
amounts of calcium and phosphate. In the latter case, vitamin D pro- 
tected the animals against rickets. The soluble manganese salt inter- 
fered somewhat with growth. A small amount of manganese in the 
diet (100 parts per million) is necessary for the normal development of 
the bones of chickens (Caskey, Gallup and Norris, 1939). The mini- 
mum amount necessary varies with the amount of calcium phosphate 
precipitated in the intestinal tract (Wilgus and Patton, 1939), because 
the latter caries down manganese thereby decreasing its availability. 

Darby and Mallon (1937) found that chlorophyll did not improve 
the calcium retention of young women on a diet which contained whole 
milk. Diminished calcium absorption and tetany were observed in 
humans by Hetenyl (1938) accompanying chronic catarrh of the small 
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intestine. Brull and Barac (1938) call attention to the loss of calcium 
as soaps in the feces and consequent decalcification of the bones, as a 
result of the steatorrhea of sprue. Similar observations were made in 
idiopathic steatorrhea (Bassett et al., 1939a). Loss of vitamin D with 
fatty acids in the feces may be a factor contributing to the deficient 
absorption of calcium (Bassett et al., 1939b). It has also been observed 
by Bussabarger, Freeman and Ivy (1938) that gastrectomy causes 
osteoporosis in puppies. Decreased calcium absorption, as a conse- 
quence of increased speed of intestinal transport following the opera- 
tion, may be largely responsible for the inadequate calcification. 

Influence of growth and calcium reserves on absorption. Parathyroid 
oversecretion has no influence on calcium absorption or excretion into 
the intestinal tract, as is shown by the experiments of Aub, Tibbets and 
McLean (1937). However, they observed that resumption of growth, 
following removal of a parathyroid tumor, favorably influences calcium 
absorption. The unknown factor responsible for this change is not 
related to vitamin D. Further knowledge of the influence of growth 
“ner se” on intestinal absorption would appear to be desirable. 

Absorption from the intestinal tract may be influenced by the calcium 
reserves in the animals’ tissues, at the beginning of the test periods, if 
one may judge from experiments on rats by Rottensten (1938). Ina 
preliminary period of 4 weeks, he fed 6 rats on a diet which contained 
0.4 per cent phosphate and 0.15 per cent calcium. A group of litter 
mates were fed the same amounts of a diet which contained 0.4 per cent 
phosphate and 0.8 per cent calcium. All the rats were then put on a 
diet containing 0.4 per cent calcium. Paired litter mates received equal 
amounts of food per day. The rats which had previously been on the 
low calcium diet stored an average of 924 mgm. calcium and 580 mgm. 
phosphate in 35 days as compared with 600 mgm. calcium and 471 mgm. 
phosphate, stored by the rats which had previously been on the high 
calcium diets. The better retention of calcium and phosphorus by the 
depleted rats results from increased absorption from the intestinal tract, 
not from decreased excretion in the urine. Individual differences in 
the ability of pullets to absorb and utilize calcium was noted by Morgan 
and Mitchell (1938). Hens showing high egg production also were 
able to absorb and utilize large amounts of calcium. 

Effect of vitamin D on absorption. Nicolaysen (1937) compared the 
absorption of calcium by rats made rachitic on the diet of Steenbock 
and Black with that of rats fed on the same diet but in which rickets 
was prevented by the addition of cod-liver oil. During the period used 
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for testing absorption, the rats were fed on a diet which was essentially 
devoid of phosphate, but contained varying amounts of calcium and 
vice-versa,—i.e., essentially devoid of calcium but containing varying 
amounts of phosphate. The results showed that, in the absence of 
calcium, the presence of rickets did not interfere with phosphate absorp- 
tion, because the phosphate was absorbed practically completely 
whether administered as inorganic phosphate, glycerophosphate, or 
casein. When the maximum amount was administered (15 mgm. 
phosphate per day), tetany sometimes developed. 

When 15 mgm. of calcium per day were administered (and only 1.1 
mgm. phosphate), the calcium was absorbed completely by normal rats. 
The rachitic rats, on the same intake, absorbed only 5.4mgm. Although 
greater amounts of calcium in the diet of the rachitic rats resuited in 
increased absorption of calcium, the per cent of ingested calcium which 
was absorbed was decreased. The disparity between the absorption 
of calcium by normal and rachitic rats at levels of 90 and 180 mgm. per 
day was 19 and 47 mgm. respectively, indicating quite clearly that vita- 
min D favorably influences calcium absorption, but is without effect 
on phosphate absorption. Absorption of calcium by the deficient rats 
was less than that of normal rats, but it was more than that which 
would be deposited per day by normally nourished rats. These results 
indicate that the essential defect in rickets is decreased ability to ab- 
sorb a sufficient amount of both calcium and phosphate when they are 
both present in adequate amounts in the intestinal tract. 

Similar evidence that vitamin D increases calcium rather than phos- 
phate absorption is provided by balance experiments on patients with a 
form of rickets which is very resistant to vitamin D therapy (Albright 
and Sulkowitch, 1938). Administration of large doses of vitamin D 
decreased fecal excretion of both calcium and phosphate, and increased 
the urinary calcium excretion. It was evident from their experiments 
that calcium given by mouth to untreated patients increased markedly 
fecal phosphate excretion, but phosphate by mouth increased fecal 
calcium excretion only slightly. Intravenous administration of calcium 
or phosphate caused no change in the fecal excretion of these substances. 
The results are consistent, therefore, with other findings which indicate 
that re-excretion into the gastro-intestinal tract depends more on the 
amount of intestinal juices than on the amounts of calcium and phos- 
phate in the blood stream. Vitamin D also increases the absorption 
of lead if rats are on a rickets-producing diet (Soberl et al., 1938a, b). 

Whether or not vitamin D acts directly on the intestinal cells is not 
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known. This problem has been attacked by Heymann (1937) who 
found that vitamin D, administered by intramuscular injection, is 
slowly excreted through the intestinal wall and, in part, reabsorbed 
with the aid of the bile. 

Species differences in absorption and retention. ‘The interpretation of 
results found in the study of the calcium metabolism of different species 
must be considered in the light of certain fundamental differences which 
exist in absorption and excretion by different species. For example, 
balance experiments on normal, growing rats and dogs ingesting suffi- 
cient calcium and phosphate to provide for satisfactory calcification 
(Henry and Kon, 1939; Kinsman et al., 1939; Shohl and Bennett, 1928), 
show that they can absorb and utilize 80 to 95 per cent of the intake. 
However, most balance experiments on humans indicate that absorption 
usually does not exceed 50 per cent of the intake (Kinsman et al., 1939; 
Findlay, Paton and Sharpe, 1920; Coons and Blunt, 1930; Sherman and 
Hawley, 1922). In rats, if the phosphate intake is below the require- 
ment and the calcium greatly in excess, the calcium is largely excreted 
in the urine (Henry and Kon, 1939; Day and McCollum, 1939). Com- 
parable experiments on humans are not available. Those having a 
bearing on this point in humans are complicated by a large phosphate 
intake or a variation in the amount of acid ingested with different 
amounts of calctum. When allowance is made for these factors (both 
of which influence the calcium excretion in the urine), it appears that 
excess calcium intake has but little influence in man on calcium excre- 
tion by the kidneys (Haldane, Hill and Luck, 1923; Lieberman, 1931; 
Orr, Holt, Wilkins and Boone, 1924; Telfer, 1922). The calcium in the 
urine rarely exceeds 20 per cent of the total calcium intake when the 
latter is large. Dogs appear to absorb only as much as they utilize 
(French and Cowgill, 1937; Shohl and Bennett, 1928; Greenwald and 
yross, 1929; Givens and Mendel, 1917). The urinary excretion is not 
over 10 per cent and is often less than 5 per cent of the total when the 
intake is large (Givens, 1918; Nicolaysen, 1934). 

Phosphate, even in normal rats, tends to be absorbed to a greater 
extent than calcium. The phosphate is not retained unless calcium is 
absorbed simultaneously. ‘Tisdall and Drake (1938) found that the 
addition of calcium salts to a low calcium diet increased the retention 
of phosphate by rats. Excessive intake of phosphate not only decreases 
the amount of calcium absorbed, but the intake of rats can be increased 
to the point where it becomes a question of the ability of the kidneys 
to excrete such large amounts (MacKay and Oliver, 1935; Haldi, Bach- 
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mann, Wynn and Ensor, 1939). This, in turn, may influence the 
urinary excretion of calcium secondarily. 

Relation of acid-base balance to calcium excretion. That the acidity of 
the food has a slightly favorable effect on absorption has been noted 
above. Whether or not acid produced in the course of metabolism 
has an influence on the calcium and phosphate balance depends on the 
species used for the experiments. For instance, administration of acid 
to cats (Logan, 1935) or dogs (Greenwald, 1929; Givens and Mendel, 
1917) does not increase fecal or urinary calcium excretion significantly. 
In rats (Shohl et al., 1932) and in humans, the effect. of acid is appre- 
ciable; but on ordinary diets, it is a minor factor as compared with others 
of dietary origin. In fasting humans, ketosis is accompanied by in- 
creased excretion of calcium in the urine (Benedict, 1915; Gamble, Ross 
and Tisdall, 1923). Increased urinary calcium excretion after NH,Cl 
administration in humans may be equivalent to 3 to 10 per cent of the 
extra acid excreted (Loeb et al., 1932; Dennig, Dill and Talbot, 1929; 
Farquharson et al., 1931). It has also been observed that rabbits, 
(which cannot produce ammonia to neutralize excreted acid), excrete 
large amounts of calcium in response to acid administration (Logan, 
1935a). These facts probably account for the wide fluctuations noted 
in the blood calcium and in the composition of the bone of rabbits, 
making them unsuitable for most investigations on calcium metabolism. 

Maintenance requirements of calctum and phosphate. Balance experi- 
ments will now be described which were designed to establish the daily 
requirements of calcium and phosphate. The subjects were considered 
to be normal or to be suffering only from a deficiency of vitamin D. 

From the previous discussion, it follows that in normal humans or 
those suffering from vitamin D deficiency, differences in calcium reten- 
tion are primarily related to differences in absorption of calcium from 
the intestinal tract. (The influence of endocrine dysfunction is con- 
sidered later.) In rats, the retention is complicated by the fact that 
not only phosphate but also calcium can be absorbed from the intestinal 
tract in amounts which are greatly in excess of the amount utilized. 

Calcium and phosphate requirements of humans. Outhouse et al. 
(1939) found that girls 3 to 6 years old, whose diet for 15 weeks had 
contained 1.8 grams of calcium per day (some of it in the form of 
CaHPO,), subsequently showed a maximum retention of calcium, on a 
calcium intake of 0.615 gram per day (supplied as milk solids). Boys 
required a somewhat higher intake than girls to bring about maximum 
retention according to Kinsman et al. (1939). About 20 per cent of the 
calcium of the milk ingested was utilized under these conditions. 
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On identical diets, the amounts of calcium absorbed and retained 
by different individuals varies considerably and may not be constant 
in successive metabolic periods. For instance, Hunscher, Hummel and 
Macy (1936) made observations for 30 to 60 days on 4 healthy children 
aged 5 years. On identical diets containing 1 gram of calcium per day, 
the retentions varied between 0.27 and 0.48 gram of calcium per day. 
The balances during successive 6 day periods on the same child varied 
from 27 to 48 per cent. Likewise, Kung and Yeh (1937) found that in 
balance experiments on 5 women students, 21 to 23 years old, the 
retention on identical diets varied between 0.007 and 0.082 gram calcium 
per day. These subjects each received 0.42 gram calcium and 0.97 
gram phosphorus per day in the diet, and the urinary calcium of the 
different individuals varied from 0.031 to 0.232 gram calcium per day. 
The amount of urinary calcium excretion appeared not to be related 
to the amount of calcium retained. 

Kunerth and Pittman (1939a, b) noted considerable variation in the 
retention of calcium, phosphorus and nitrogen by normal women in 
successive 3-day periods. Their results indicated that the calcium, 
phosphate and nitrogen balances were more favorable on a moderate 
protein intake than on a low protein intake. 

Huff and Pyle (1937) conducted balance experiments on pregnant 
women who ingested food containing 1 to 2 grams each of calcium and 
phosphorus per day. The level of ingestion of calcium by these sub- 
jects apparently had little influence on the amount of calcium retained. 
The phosphate ingestion, on the other hand, did influence the amount 
of calcium and phosphate retained. The subjects in negative calcium 
balance excreted more calcium in the feces than did those showing a 
positive balance. The difference in the urinary calcium excretion of the 
two groups was not significant. 

Balance experiments on adult humans indicate that considerable 
amounts of calcium and phosphate are required for maintenance 
throughout life. For instance, Owen (1939) found that 520 mgm. 
calcium and 1200 mgm. phosphorus per day were required to maintain 
the calcium balance in subjects that ranged from 40 to 69 years of age. 
L. Brull (1936) found the mean calcium and phosphorus requirements 
for adults to be 8.2 and 13.9 mgm. per kgm. per day, respectively. 
Steggerda and Mitchell (1939) found that 9.2 mgm. of calcium per kilo 
of body weight per day were required to keep an adult in equilibrium. 
Calcium gluconate or milk solids, when constituting 75 per cent of the 
calcium intake, appeared to be equally well utilized. 

Balance experiments designed to establish better the normal daily 
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requirement of calcium have also been conducted on young women by 
M. M. Kramer and I. Gillum (1938) and by M. L. Maxwell (1938); 
on children by V. A. Porokava (1937), and on students and others by 
Radsma, Klerks, and J. W. R. Everse (1937). 

The essential cause of osteomalacia (as of rickets) is lack of ability to 
absorb calcium from the intestinal tract according to the balance ex- 
periments of Hannon, et al. (1934). That vitamin D is more efficacious 
than a high calcium diet in improving the calcium balance is also indi- 
cated by the balance experiments of Liu et al. (1937) on lactating Chi- 
nese women who showed evidence of osteomalacia. 

Calcium and phosphate requirements of rats. The experiments of 
Lanford and Sherman (1938) indicate that when the ratio of calcium 
and phosphate fed is near the optimum and the amount of each is ade- 
quate to support normal nutrition through many generations of rats, 
the rate of calcification still may not be at its maximum. Increasing 
the calcium of the diet from 0.2 per cent to 0.8 per cent of the dry mix- 
ture caused the offspring of the rats on the higher intakes to attain 
in one month the percentage of body calcium achieved on the lower 
level in 5 to 6 months. In this connection, it is interesting to note that 
H. C. Olsen (1938) finds that mice transfer 11.6 per cent of their calcium 
reserve to the fetus during pregnancy, and an amount 30 per cent larger 
than their total reserve during lactation. 

H. B. Vickery (1936) has investigated the inorganic salt requirement 
of a colony of rats which showed rapid gain in weight (5 to 6 grams per 
day) on the diet employed. The ratio of calcium/phosphate in the food 
was varied from 1/2 to 1/0.45. When the rats attained a weight of 200 
grams, the proportion of ash of the extracted femurs was found to be 
essentially constant (58 to 60 per cent). 

Mendel, Hubbell and Wakeman (1937) compared the effect of several 
commonly used salt mixtures on the growth rate of rats and the ash 
content of the femurs. It was shown that if adequate calcium was 
supplied, many other constituents could be furnished in amounts less 
than those ordinarily used. The Osborne and Mendel salt mixture 
was modified to contain about twice the amount of calcium originally 
recommended. When this mixture constituted 2 per cent of the diet, 
it supplied an average daily intake of 50 mgm. calcium and 35 mgm. 
phosphorus, and the rats grew from 60 grams to 200 grams at an aver- 
age rate of 5 grams per day. The ash content of the femurs at this time 
(60 per cent) indicated that satisfactory calcification had been obtained. 

EF. C. Robertson (1937, 1938) finds that a low calcium diet causes 
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constipation in rats and in children. The appetite of rats appears to 
be diminished on a low calcium intake. Rottensten (1938) noted re- 
stricted food intake on a diet which contained 0.15 per cent calcium. 
Toepfer and Sherman (1936) noted that adding CaCO; to a stock diet 
consisting essentially of 80 per cent whole wheat and 17 per cent milk 
powder, increased the rate of growth when the rats were permitted 
unlimited amounts of the diet. The added CaCO; increased the cal- 
cium content of the diet from 0.2 to 0.64 per cent, and made the cal- 
cium/phosphate ratio 1.5. On the lower calcium intake, addition of 
protein as casein increased the rate of growth and improved the calcifi- 
cation. Eppright and Smith (1937) found that with food intake of 
rats limited to 50 per cent of the usual consumption, addition of calcium 
and phosphate improved the rate of growth. M. J. L. Dois (1936) 
found that a diet containing 1 per cent phosphorus and a calcium/phos- 
phate ratio of 3 prevented rickets in chickens over a period of 5 weeks. 
Couch, Fraps and Sherwood (1937) found that the quantity of vitamin 
D required for chickens decreased when the calcium content of a diet 
containing 0.76 to 0.81 per cent phosphorus was increased to 1.71 per 
cent, or a ratio of calcium/phosphate = 2.2. 

SumMArRY. 1. The amount of calcium circulated daily from the blood 
stream into the intestinal lumen and back again may be as large as the 
net amount of calcium absorbed from the ingested food. 

2. The availability of ingested calcium or phosphate is decreased by 
substances which tend to precipitate one or the other, or both, in the 
intestinal tract and favored by those that tend to keep them in solution. 

3. Vitamin D primarily favors calcium absorption. Phosphate 
absorption is increased secondarily by vitamin D as a consequence of 
greater calcium absorption. Growth and the calcium reserve of the 
individual may influence calcium absorption. 

4. The proportion of the total ingested calcium which is absorbed 
varies in different species. Differences also exist between species in 
respect to the relative amounts of the absorbed calcium which is utilized. 
Acidity of the diet may influence the retention, depending on the species. 

Effect of vitamin D on bone cells. That vitamin D may accelerate 
bone formation by direct action on bone cells has been inferred from the 
occasional occurrence of low blood calcium and tetany during the treat- 
ment of rickets with vitamin D. Recently, Schneider and Steenbock 
(1939) found that vitamin D added to a rachitic diet deficient in phos- 
phate retarded the growth of rats. The disappearance of the rachitic 
metaphysis was accompanied by an increase of blood inorganic phos- 
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phate, indicating that the resumption of bone deposition at the expense 
of the phosphate of the tissues was associated with the cessation of tissue 
growth. The uptake of radioactive phosphorus by the bones of rats 
was examined 64 to 80 hours after administration (as NagHPO,) intra- 
peritoneally and by stomach tube (Cohn and Greenberg, 1939). In 
both cases, vitamin D increased the deposition of the phosphate in the 
skeleton 25 to 50 per cent. 

Venar and Todd (1936) found that aqueous extracts of viosterol in- 
creased the in vitro calcification of fragments of the “growing area”’ 
of the tibias of rachitic rats. The amount of calcification varied with 
the amount of calcium glycerophosphate in the medium, but the smallest 
amount of vitamin D employed produced as much calcification as larger 
amounts. 

Calciferol (vitamin Dz): Effect of large doses. The conclusions to be 
drawn from the administration of large amounts of vitamin D raises 
the question as to whether the “toxic’’ dose causes changes which are 
simply exaggerations of those produced by therapeutic doses or whether 
the material administered may contain more than one physiologically 
active substance. The latter applies particularly to earlier prepara- 
tions of irradiated ergosterol, which may have contained the product of 
excessive irradiation (toxisterol). The subject has been reviewed by 
Bills (1939) and Park (1939). The therapeutic irradiation product of 
ergosterol (calciferol) in doses of 100,000 units or more daily raises the 
blood calcium. The action appears to result from abnormally increased 
intestinal absorption (Bauer, Marble and Claflin, 1932). Massive doses 
(460,000 International Units) of crystalline calciferol evidently acceler- 
ates the absorption of calcium from the intestinal tract of rats to an 
abnormal degree (Tweedy et al., 1939). This effect was observed even 
though the rats were previously thyroparathyroidectomized and 
nephrectomized. Morgan, Kimmel and Hawkins (1937) compared the 
action of crystalline calciferol and fish liver concentrates. 

Using crystalline vitamin De, Kertskin (1938) found that the blood 
calcium was raised in parathyroid tetany if adequate amounts of cal- 
cium were fed. Increase of the blood calcium and changes in the 
arterioles, especially of the kidney, resulted when 600 y of vitamin D, 
were administered to thyroparathyroidectomized dogs (Handovsky 
and Goormaghtigh, 1937). 

Dihydrotachysterol. One of the intermediary irradiation products 
of ergosterol on reduction gives a substance, dihydrotachysterol (A.T. 
10) which increases the blood calcium of thyroparathyroidectomized 








‘ 
in 
yt 
¥ 
¥ 
1 
4 








546 MILAN A. LOGAN 


animals and is used therapeutically for the relief of tetany. The action 
of the substance appears to be qualitatively similar to that of vitamin D, 
in that it increases the absorption of calcium and the urinary excretion 
of phosphate. As compared with vitamin D, the urinary phosphate 
secretion is increased to a greater extent than is the absorption of cal- 
cium. Therefore, no improvement of the calcium balance or cure of 
rickets results from its administration (Albright, Bloomberg, Drake and 
Sulkowitch, 1938; Shohl, Fan and Faber, 1939). 

Vitamin C. In agreement with the earlier work of Howe (1920, 
1921, 1923) and others, Herman, Kramer and Kirgis (1939) found that 
lack of vitamin C caused resorption of bone of guinea pigs at the base 
of the cheek teeth and along the edge of the alveolar area. This occurs 
in adult as well as in growing guinea pigs. 

Extensive histological studies of vitamin C deficiency and its relation 
to calcification have been made (Wolbach and Howe, 1926). This 
phase of the subject has recently been reviewed by Dalldorf (1939). 
Advances in the relation of vitamin C to calcium metabolism have per- 
haps been retarded by the fact that, of the easily available experimental 
subjects, only guinea pigs and humans are susceptible to the deficiency. 
The subject merits further consideration because the primary dis- 
turbance characterizing this deficiency is observed in the formation of 
the organic intracellular matrix. Defective calcification of the bones 
and teeth (which probably are accompanied by negative calcium and 
phosphate balances) apparently results from inadequate formation of 
the supporting collagen rather than from a primary disturbance of the 
absorption or deposition of the inorganic salts. 

Effect of parathyroid hormone. The blood calcium of young dogs and 
humans is much more easily affected by the administration of para- 
thyroid hormone (made from bovine glands) than that of other species, 
or even of adult dogs. The most striking change following the admin- 
istration of a potent extract of parathyroids to young dogs is an increased 
excretion of phosphate in the urine (Greenwald and Gross, 1925; 
Greenwald, 1926; Albright and Ellsworth, 1929; Albright, Bauer, 
Cockrill and Ellsworth, 1931; Albright, Bauer and Aub, 1931), accom- 
panied by a decrease of the inorganic phosphate of the blood plasma. 
The change occurs during the first hour of administration which indi- 
cates that the hormone stimulates the kidneys specifically to increased 
excretion of phosphate. 

The hormone apparently also causes active solution of bone. The 
blood calcium reaches its maximum value 12 to 15 hours after adminis- 
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tration of the hormone. The increase of blood calcium starts, however, 
in the first hour after the administration of a fairly large dose. The 
urinary phosphate excretion continues at a rapid rate until the blood 
calcium rises to a high level. Subsequently, the urinary phosphate 
excretion decreases, the blood inorganic phosphate increases far above 
the normal level, and other evidence of kidney damage appears. The 
urinary calcium excretion, although increased several hundred per cent, 
is still quantitatively insignificant (Logan, 1939). The calcium and 
phosphate thus accumulated in the blood precipitates in some tissues, 
especially the kidneys (Morgan and Samisch, 1935). That the renal 
tissue causes additional local concentration in the process of excreting 
the calcium and phosphate is likely. Primary hyperthyroidism often 
leads to renal calcinosis (Albright, Baird, Cope and Bloomberg, 1934). 
The histological changes in the kidneys, resulting from parathyroid 
administration, have been described by Chown, Lee and Teal (1937). 

Parathyroid hormone administered to nephrectomized dogs or rats 
(Tweedy, Templeton and McJunken, 1936; Tweedy and McNamara, 
1936) causes little or no increase of blood calcium. However, nephrec- 
tomy alone causes a very rapid increase of the inorganic phosphate of the 
blood and tissues (Tweedy, Templeton and McJunken, 1936) and, under 
these conditions, an increase of the blood calcium could hardly be 
expected. 

Shelling, Kajdi and Guth (1938) administered parathyroid hormone 
to fasting adult dogs in successive doses of 3.3 to 7.5 units per kilo at 
4-hour intervals, for 12 hours. In 5 to 20 hours, there resulted a di- 
uresis accompanied by an increase of NaCl excretion. This was fol- 
lowed by anuria and death of the animals. Other dogs were given salt 
solution intravenously in addition to the parathyroid hormone. These 
recovered from the treatment. The beneficial effects of the salt ad- 
ministration led them to suggest that dehydration plays an important 
part in the production of the symptom complex. 

It is interesting to note that in several of their experiments, the uri- 
nary excretion of phosphate and nitrogen had started to decrease before 
the diuresis and salt excretion had reached its maximum. This se- 
quence of events corresponds with what was regularly observed (Logan, 
1939) following the administration of one large dose of parathyroid 
hormone to dogs, and leads to the consideration that the increase of 
phosphate excretion following parathyroid administration is not related 
to the diuresis which eventually occurs. 

Parathyroid hormone increases the [Ca++] of the blood plasma (Mc- 
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Lean, Barnes and Hastings, 1935). Gilligan, Volk and Altschule 
(1933) found that the calcium increase of edema and ascitic fluid (which 
contained very little protein) was similar to that of the blood plasma. 
Cantarow, Brundage and Housel (1937) found proportional increases 
in the diffusible and nondiffusible calcium of the blood plasma. Can- 
tarow, Haury and Whitbeck (1938) consider that the parathyroid hor- 
mone may increase the rate of diffusion of calcium from the blood to 
the tissue fluids. 

Parathyroidectomized rats show an increased desire to ingest calcium, 
as is indicated by the results of Richter and Eckert (1937). When 
offered a choice of water or calcium lactate solutions, the operated 
animals enhanced their calcium supply by a greater intake of the cal- 
cium lactate. 

Cantarow, Brundage and Housel (1937) found that parathyroid hor- 
mone decreases the phosphatase of the blood stream, which is opposite 
from the effect of large doses of vitamin D. Hansen, MacQuarrie and 
Ziegler (1938) reported that parathyroid hormone, or large doses of 
vitamin D, depressed the blood phosphatase of patients suffering from 
osteogenesis imperfecta, and caused a negative calcium balance similar 
to that produced in normal persons. . 

Relation of calcium supply to parathyroid secretion. Under certain 
conditions, the level of the blood calcium may not be a criterion of the 
state of activity of the parathyroid gland. When the calcium balance 
is negative and the calcium store in the bones is depleted, such as occurs 
in rickets, more than the normal amount of the parathyroid hormone 
may be required to keep the blood calcium normal. Hyperplasia of 
the gland as a whole and hypertrophy of the cells were first noted in 
rachitic rats by Erdheim (1914). Since that time, increase of the size 
of the gland in human rickets has been noted by Ritter (1920) and by 
Pappenheimer and Minor (1921), who found the increase due to multi- 
plication of the cells. Administration of large amounts of vitamin D 
to rachitic patients (Albright and Sulkowitch, 1938) increased the 
plasma inorganic phosphate, suggesting that the activity of the para- 
thyroids had been decreased. This increase of plasma phosphate was 
not observed in patients suffering from idiopathic hypoparathyroidism. 

Hyperplasia of the parathyroids was produced by feeding a low cal- 
cium diet to rats by Luce (1923), and to rabbits by Baumann and 
Sprinson (1939). In the latter experiments, the blood serum calcium 
and inorganic phosphate were low, but the parathyroids more than 
doubled in size and showed hypertrophy of the cells and nuclei. 
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That enlargement of the parathyroid glands occurs in chronic renal 
disease has been noted several times—Bergstand (1920), Pappenheimer 
and Wilens (1925), and Gilmour and Martin (1937). Additional 
evidence that the parathyroids are connected functionally with the 
kidneys has been given by Donahue, Spingarn, and Pappenheimer 
(1937). They found that partial nephrectomy in rats leads to an 
enlargement of the parathyroid gland, and an increase in the calcium 
content of the remaining renal tissue. The increase of kidney calcium 
does not occur if the parathyroids are removed. The suggestion that 
phosphate retention (with consequent tendency toward low blood cal- 
cium) is the common cause of these changes has been made on the basis 
of observations on patients by Albright, Baird, Cope and Bloomberg 
(1934). However, this has not yet been proved experimentally on 
animals. It may be significant that the diet of the rats of Donahue 
(cited above) had a fairly high phosphate content. 

Possible differences between parathyroid extract administration and 
hyperparathyroidism. The anatomical and histological changes follow- 
ing repeated administration of parathyroid hormone to normal rats 
does not reproduce exactly the condition of hyperparathyroidism, as 
is shown by the work of R. B. Burrows (1938). The extracts seemed 
to give rise to a refractoriness toward the hormone, resulting in an 
increased requirement in the amount of hormone necessary to prevent 
a return of the blood calcium of the animals to normal. A condition 
similar to ‘‘marble bone disease,”’ or hypercalcification of the bone was 
caused by the extract. This was in contrast to the decalcification ob- 
served in hyperparathyroidism, and was thought to be the result of an 
antibody or antihormone elaborated by the animal. 

Effect of the thyroid gland. Hyperthyroidism causes a profound in- 
crease in the urinary calcium excretion. Aub, Bauer, Heath and Ropes 
(1928) carried out balance experiments on patients with exophthalmic 
goiter before and after subtotal thyroidectomy. The patients received 
about 0.1 gram of calcium in the food per day and excreted 3 to 6 times 
this amount in the urine alone before treatment was instituted. On 
the average, this was about 4 times the urinary excretion of calcium 
by normal persons on the same diet, and 6 or more times that of patients 
with myxedema. The fecal calcium excretion of the hyperthyroid 
patients was also greater than that of the normal or of the myxedema- 
tous patients. 

It may be that the increased rate of metabolism interferes with the 
absorption of calcium. The diet contained about 8 times as much 
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phosphate as calcium; and the calcium which entered the intestinal 
tract by way of the intestinal juices might, therefore, have been pre- 
cipitated in the intestinal excreta as phosphate. The increased urinary 
excretion appeared to be a measure of the increased resorption of bone 
salts. That it is not due to a secondary effect on the parathyroids 
appears to be supported by the fact that the blood calcium remained 
normal. Puppel and Curtis (1936) compared the calcium and iodine 
balances of two women suffering from hyperthyroidism with those of 
two normal women and a hypothyroid patient. In general, the iodine 
balance varied directly with the calcium balance. Compared with the 
controls, the patients with exophthalmic goiter showed a large negative 
balance of calcium, which, in one case, was accounted for by increased 
excretion in the urine, and, in the other, by increased fecal excretion. 
Hansman and Fraser (1938) found that irradiation of the thyroid region 
decreased the negative calcium balance of hyperthyroidism. They 
concluded that hyperplasia of the parathyroid may be associated with 
hyperthyroidism and is responsible for the negative calcium balance. 

Severe hyperthyroidism in rats produced by feeding desiccated thy- 
roid does not produce decalcification of adult rats or any evidence of 
lack of calcification of rapidly growing rats (Smith and McLean, 1938). 
The wet weight of the femurs of the thyroid-fed rats was greater than 
that of the controls, but the increase was due to a higher water content. 
The thyroid feeding may lead to premature cessation of growth as a 
consequence of endochondral bone formation. Coryn (1937) described 
changes in the cartilage of rabbits resulting from thyroidectomy and 
the administration of thyroid. 

H. Hanke (1936) found that total removal of the thyroid of guinea 
pigs had no effect on the healing of bone fractures. ‘Todd, Wharton 
and Todd (1938), from a comparison of the skeletons of twin sheep, one 
of each of which was thyroidectomized, concluded that the changes 
observed resulted from a diminished rate of growth with no prolongation 
of the growth period. There was no modification of bone texture, 
weight, or thickness. 

Effect of pregnancy and sex hormones. The influence of the sex hor- 
mones on the blood calcium has been actively studied by many in- 
vestigators. The results often seem to be contradictory, as noted by 
Marlow and Koch (1938) in reviewing the literature on this subject. 
Much of the difficulty results from the fact that the total blood calcium 
concentration represents the net result of 3 processes which affect it. 
These are: 1, the metabolic balance between the supply of and demand 
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for calcium; 2, the regulation of the calcium ion concentration of the 
blood plasma by the parathyroid, and 3, the strictly chemical equilib- - 
rium between calcium ions and protein ions in the blood plasma. Until 

the effect of the various sex hormones on each of the above processes 

is known, their effect on the blood calcium will not be clearly under- 

stood. We shall, therefore, summarize only briefly some of the more 

striking changes which have been noted, but their interpretation must 

await further work. 

Pregnancy. Oberst and Plass (1932) and others noted that the blood 
calcium and inorganic phosphate were usually low in pregnant women. 
Finola, Trump and Grimson (1937) gave CaHPO, and viosterol to 33 
women and found that the blood calcium increased during the latter 
stages of pregnancy. ‘Twenty-five others, who received no treatment, 
showed a decrease in the blood calcium. The infants born to the treated 
group showed more dense calcification. 

Ramsay, Thierens and Magee (1938) determined the calcium and 
phosphate of 95 women during the seventh month of pregnancy and 
found the calcium to be abnormally low (below 9 mgm. per 100 cc.) 
in 39 per cent of the cases. 

M. Bodansky (1939) and M. Bodansky and Duff (1939) observed 
the variations of the blood calcium during the course of pregnancies of 
300 women. A slight decrease of calcium and inorganic phosphate 
usually occurs as pregnancy advances. This decrease is not referable 
to changes in protein or water content, and is considered to represent 
the balance between the demands of the fetus and the supply of the 
mother. It is also considered that hyperfunction of the parathyroids 
exists in spite of the lowered blood calcium in pregnancy, and that 
hyperfunction is necessary to maintain the blood calcium above the 
tetany level. Pyle, Potgieter and Comstock (1938) found a correlation 
between the blood calcium level and the net calcium balance as well 
as between the blood calcium level and the calcium excretion during 
pregnancy. 

It was found by Y. Sato (1938) that calcium injected into the preg- 
nant rabbit passes into the placenta, thence into the fetus, but calcium 
injected into the fetus will not return to the blood of the mother. Para- 
thyroidectomy did not lower the blood calcium of the fetus. The blood 
calcium during the first 4 days of life is 10 per cent lower than that of 
the cord blood and tends to rise to the prenatal level in the next 5 days 
(Denzer, Reiner and Vogel, 1938). H. Bakwin (1937) considers that 
tetany of the newborn results from hypoactivity of the parathyroids. 

Estrins. A slight temporary increase of blood calcium occurs in dogs 
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about a month after each period of estrus (Cheymol and Quinquaud, 
1937). These investigators found (1938) only a transient increase in 
blood calcium after administration of estradiol benzoate to 3 female 
dogs and testosterone propionate to 3 male dogs. The blood calcium 
of rabbits increases about 25 per cent after ovariectomy and returns to 
normal on the administration of estrone (T. P. Storbecker, 1937). 

Levin and Smith (1938) found very little effect after administration of 
large doses of theelin or dihydrotheelin, or after ovariectomy in rats and 
rabbits. Theelin increased the serum calcium in rats, doves, fowl, and 
dogs, according to Riddle and Dotti (1936). 

Marlow and Koch (1938) investigated the effects of an estrogenic 
preparation from pregnancy urine and hog ovaries on the blood calcium 
level of fowls, rats and rabbits. No change in blood calcium was found 
except for a slight lowering in gonadectomized rats, and a tendency to 
rise after administration of ovarian estrogenic preparations. Huey and 
Marlow (1938) tested each fraction obtained during the preparation of 
the purified ovarian extracts, but found none with blood calcium raising 
properties. Estrin injected into infantile guinea pigs resulted in pre- 
mature calcification of the long bones, and consequently, stunting of the 
animals, according to the results of H. Seeman (1937). 

With the exception of the bones in the immediate vicinity of the pubic 
symphysis, the marrow of the skeleton of rats was almost completely 
filled with endosteal bone after they had been given 250 international 
units or more of estrins (hydroxy estrin benzoate, equilin benzoate) 
per week for 8 weeks (Gardner and Pfeiffer, 1938). These investi- 
gators found also that administration of 1000 units of estrogen daily to 
pigeons increased the blood serum calcium more than 100 per cent. 
The estrogen caused hypercalcification of the long bones of the males, 
similar to that which occurs normally in the females at the time of 
ovulation (Pfeiffer and Gardner, 1938). B. C. Mocola (1937) found 
small decreases in the inorganic and total phosphate of the femurs of 
rats after giving 12 to 40 units of estrone daily for 2 to 3 months. 

Pituitary. Removal of the hypophysis alone had little influence on 
the blood calcium of dogs. However, dogs deprived of both the para- 
thyroid and hypophysis were more susceptible to tetany than those 
lacking only the parathyroids, according to Speranskaya-Stepanova 
(1937). Hypophysectomy had no effect on the serum calcium of rats 
(Anderson and Oastler, 1938, 1939). On low calcium diets, the hypo- 
physectomized rats showed a lower blood inorganic phosphate than did 
the controls. 


Alkaline extracts of the anterior pituitary may have parathyrotropic 
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activity. Friedgood and McLean (1937) found an increase (about 
10 per cent) of the blood calcium when such an extract was administered 
to guinea pigs for 9 days; but the blood inorganic phosphate was not 
changed by this procedure. Riddle and Dotti (1936) found that pro- 
longed (5 to 7 days) administration of the gonad-stimulating hormone 
increased the serum calcium 30 per cent or more in normal, hypophysec- 
tomized or thyroidectomized pigeons, but not in castrates. 

The calcium deposition produced in the kidneys of dogs by para- 
thyroid extract can be enhanced by administering it together with the 
pituitary growth hormone. The renal calcification is also favored by 
a carbohydrate diet (R. C. Moehlig, 1938). 

Silberberg and Silberberg (1937) found that ovariectomy of growing 
guinea pigs caused hyperplasia and hypertrophy of the epiphyseal 
cartilages which could be modified by administration of an acid extract 
of the anterior pituitary. 

Follicular hormone. ‘Treatment of normal rats for 44 days with follic- 
ular hormone caused a twofold increase in the blood calcium and a 
decrease in the calcium content of other tissues, particularly the skin 
and muscle. This change was accompanied by a large negative cal- 
cium balance (Bach, 1937). Luigi DiBella (1937) found that prolan 
increased the calcium excretion of frogs. 

Miscellaneous effects of other glands. Donati (1938) found that uni- 
lateral adrenalectomy in rabbits caused a drop in blood calcium in 4 
to 10 days. Sandberg, Perla and Holly (1937) found no change in the 
calcium or magnesium excretion following suprarenalectomy in rats. 
Lucke and Wolf (1938) claim that either cortical suprarenal extract 
or vitamin C, when injected into dogs, produced, after several days, 
a positive calcium balance. 

Removal of the thymus from chickens (G. Maughan, 1938) or dogs 
(Ornstein and Lucenescu, 1938) has no effect on blood calcium or e¢al- 
cium metabolism. S. Tsujioka (1937) finds that feeding a spleen extract 
decreases the blood calcium of thyroparathyroidectomized and splen- 
ectomized dogs. <A. Beretta (1938) finds that the blood calcium is 
increased during insulin hypoglycemia. Sato (1938) reports that, as 
the mammary glands of the rabbit enlarge, a substance appears in the 
blood stream which has the power to lower the serum calcium of the 
normal rabbit. He also finds that an extract of the parathyroid of the 
cow fetus contains a calcium-raising principle, and the thymus and 
spleen contain a calcium-lowering principle. 
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CONCLUSION 


The foregoing discussion of recent contributions to our knowledge of 
the physiological and chemical factors which are concerned with calci- 
fication is, unfortunately, often rather fragmentary. The relation be- 
tween the calcium and phosphate ion concentrations of the blood plasma 
and the deposition and solution of calcium phosphate salts in bone has 
been discussed in detail because of the recent modifications which have 
occurred in our knowledge of this relationship. 

One may summarize the present evidence by stating that the calcium 
and phosphate ion product of blood plasma is normally as high as it is 
possible for it to be without initiating spontaneous precipitation of 
calcium phosphate salts. 

The factors which make it possible for this ion product to be main- 
tained at a maximum value are physiological—i.e., the balance existing 
between the processes of absorption and excretion. At present, our 
knowledge of how the various hormones and vitamins affect these 
physiological processes is very imperfect. It is hoped, however, by 
pointing out in the present review the nature of the problem still con- 
fronting us, and the character of the observations which must be taken 
into account in any adequate description of calcification, that further 
investigation on the subject will, thereby, be aided. 
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METABOLISM 
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The composition of the diet and the mechanism of absorption may 
determine the ultimate destination and fate in the animal body of 
absorbed fat. Recent work makes it possible to indicate some of the 
interrelations, and throws doubt upon the validity of certain hy- 
potheses which are generally accepted at the present time. As the 
nomenclature of fats is often confusing, the basis for the terms used in 
this paper is shown in table 1. 

In table 1 the more general terms used in this paper are shown at the 
top and their progressive particularisation is indicated. 

During the last seventy years observations have been recorded by 
workers in all parts of the world using a diversity of animals under a 
variety of experimental conditions. Many experiments have been 
made using herbivores, whose fat intake is normally low, many others 
have been conducted on carnivores with fundamentally different living 
conditions, diet and needs, and but few on the human subject. From 
this heterogenous mass of material the general conception of fat ab- 
sorption and metabolism in the animal body has evolved. There have 
been many special difficulties to overcome in the elucidation of problems 
of fat absorption and metabolism. Rapid changes in the fat content of 
the blood are not easily demonstrable by methods involving chemical 
analysis as relatively large amounts of blood are required for this pur- 
pose. The literature contains many anomalous statements which 
originate from conclusions based upon the analysis of infrequently 
collected blood samples. Recently, the use of chylomicrographs, which 
show the number of fat particles seen in the blood with a standardised 
dark-ground microscopic technique, has made serial investigation of the 
blood fat easier. The changes demonstrated by this method are suf- 
ficiently great to be significant but the quantitative relationships can 
only be regarded as relative at present. 

Another difficulty has been to determine the origin and destination of 
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fat detected in the blood or that accumulating in the tissues. The 
labelling of fat with deuterium or elaidic acid, and of phospholipin with 
an identifiable isotope of phosphorus has made it possible to trace these 
lipids from one part of the body to another. 

Recent work on the development of fatty livers opens up new pos- 
sibilities. The effects of choline, protein and other lipotropes upon the 
fat in the liver are very complex and many points require clarification 


TABLE 1 


LIPIDS 


FATS PHOSPHOLIPINS 
JN 
fm | a ° 
/ ~*~ i \ 
/ ~~ ¥ . 
*Glycerides Fatty Acids Lecithin Kephalin 
(Neutral fats) Soaps Sphingomyelin (Non-choline) 

(Choline containing) 


CHOLESTEROL 
V ae 


pert Pigg 
» 


(Free) Cholesterol Cholesteryl* 
Esters. 





* Glycerides = triglycerides unless otherwise stated. 
Cholesteryl esters = esters of cholesterol and fatty acids. 





before the full significance of these observations can be appreciated. 
To exclude variable factors or provide sufficient materials for analysis, 
it has often been necessary to devise experimental conditions that are 
far removed from normality. The feeding of gross amounts of ab- 
normal fats, the interference with normal intestinal function and equi- 
libria, the upset of intra-intestinal pressures and the administration of 
cellular poisons in excessive doses are but a few of the procedures which 
may have led to confusion in the interpretation of results. Although 
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a wide basis of experimentation is highly desirable and various experi- 
mental procedures may be necessary in order to emphasize and demon- 
strate one particular factor in the mechanism, the results of such work 
demand most careful consideration if a correct assessment of the 
mechanism in the normal intact animal is to be reached. 

DIETARY AND INTESTINAL FACTORS IN FAT ABSORPTION. Dietary 
factors. Deficiency of vitamins A, B or D causes a decrease in the rate 
of absorption of fat (1) probably due to general impairment of nutrition 
rather than any specific effect upon fat absorption. In certain animals 
a more direct effect of the vitamins upon fat absorption can be demon- 
strated. Extensive esterification of fatty acids with cholesterol and 
vitamin A is found in the small intestine of the halibut (2). On a vita- 
min B deficient diet rats show a remarkable craving for fatty food (3) 
and histologically there is an alteration in the distribution of fat in the 
intestinal cell (4), an effect also seen in vitamin A deficiency. The nor- 
mal fine dispersion of the fat globules with grading in size from without 
inwards is replaced by irregular grouping of large masses of fat. The 
significance of these histological changes has never been determined. 
Other effects of vitamins appear to be more on the metabolism than the 
absorption of fat. 

A surplus of neutral fat in the food results in delayed emptying of the 
stomach, and great excesses may cause vomiting, so that under normal 
circumstances it is impossible for more than carefully regulated quan- 
tities of fat to pass into the small intestine at one time. Glycerides in 
the food are mainly mixed triglycerides which have a lower melting 
point and are much more easily absorbed than the simple triglycerides 
of the higher saturated fatty acids containing only one type of fatty 
acid. The melting point is lower after recent melting, thus cooking 
may make certain fats more assimilable. 

Cholesterol in the food will not be absorbed unless fat is also present 
(5) in a quantitative relationship. In fishes (2) the esterification of 
cholesterol and fatty acids in the intestine may assist in fat absorption. 
The effect of lipase and bile salts upon esterification of cholesterol 
appears to vary under differing experimental conditions (6) (7) (8) but 
their influence is probably a factor in this mechanism. Increase or 
deficiency of lecithin in the food does not affect fat absorption to any 
great extent (9) although effects may be masked by the presence of 
phospholipin in the bile. 

Intestinal factors. It has been stated (10) (11) that fat must be 
hydrolysed before it can be absorbed, and this premise has been used 
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in the interpretation of many experiments. For several reasons, how- 
ever, this lipolytic hypothesis must be regarded as unproven. 

Lipase is found in the pancreatic juice of most animals and active 
lipolysis can be demonstrated in the upper part of the small intestine. 
The presence of lipase in other intestinal juices is more doubtful. 
Gastric lipase does not exist in significant amounts in the adult stomach, 
and, in any case, it can play no part in the preparation of fat for ab- 
sorption. There is no evidence that fat passing through the stomach 
undergoes any lipolytic change, and normal gastric acidity precludes 
lipolysis. Lipase is absent from the succus entericus of the cat (12). 
The contrary evidence (13) based upon the occurrence of lipase in 
mucosal extracts cannot be accepted since this is not evidence that 
active lipolysis occurs in the lumen of the intestine, the absence of 
which can be demonstrated. Intestinal contents removed from a fistula 
anywhere in the lower part of the cat’s small intestine show no signs 
of lipolysis, but active fat absorption can be demonstrated below the 
site of the fistula. Lipase passes into the intestine with the early 
reflex flow of pancreatic juice. Its hydrolytic action soon comes to a 
stop even when the fat is very finely dispersed (14). Lipase forms 
adsorption complexes with calcium and bile salts which activate it in an 
alkaline medium but inhibit it if the medium is acid (15), which is the 
normai reaction of the intestine except for the upper part of the duo- 
denum (16). It is, therefore, only in the duodenum that lipase can 
work under anything but adverse conditions. The addition of extra 
lipase to a known amount of ingested fat results in a marked decrease 
of the post-absorptive lipemia (17) proportional to the amount of 
extra lipase added. The fat is still absorbed but, in some way, the 
extra lipase prevents its appearance in the systemic circulation. The 
ingestion of neutral fat produces different results from those obtained 
with an equivalent amount of fatty acid and glycerol (18). If olive 
oil and oleic acid, both stained equally with Sudan IV, are given with 
their food to two groups of rats for a period of 10 days, the animals 
receiving the glyceride have deeply stained fat depots, whereas those 
taking the acid show practically no depot staining. Fecal analyses 
show that the fats are equally absorbed in both groups and the weight 
curves of the two are identical. Similar results have been obtained 
with rabbits. In anesthetised rats the lipids can be injected into the 
intestine and simultaneous systemic and portal blood specimens ob- 
tained. If glyceride is introduced, the systemic blood shows the normal 
increase of fat particles and there is but little change in the portal blood. 
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If fatty acid and glycerol are injected, the portal specimens show a 
definite increase in the number of particles but the systemic blood does 
not. In agreement with this, the lacteals only appear milky when 
neutral fat has been placed in the intestine. Glycerides and fatty acids 
have been given to human subjects by duodenal tube and similar sys- 
temic phenomena observed. It is difficult to reconcile these findings 
with the supposition that all neutral fat must be hydrolysed into fatty 
acid before it can be absorbed. Perhaps unhydrolysed fat passes by the 
thoracic duct and systemic circulation direct to the fat depots while 
several alternative possibilities await the fatty acid fraction. 

Stained preparations of intestinal cells show definite changes during 
fat absorption (19). After 30 minutes the cells contain droplets which 
stain with Sudan and also give a positive reaction with the Fischler 
technique. After 6 hours the cell is found to be full of Sudan-staining 
material which is Fischler-negative. This suggests that in the first 
specimen the cell contains fatty acid but in the second neutral fat, 
although considerable doubt has been thrown upon the validity of the 
Fischler method of differentiation between fatty acid and glyceride 
(20). This has been interpreted as evidence in favour of resynthesis 
of neutral fat from fatty acid and the lipolytic hypothesis. There is no 
reason why the neutral fat in the second specimen should have been 
derived from fatty acid demonstrated in the first specimen; it is quite 
possible for the neutral fat to have been absorbed in the unhydrolysed 
form to produce an identical histological picture, and, under no cir- 
cumstances, can this evidence be regarded as demonstrating the essen- 
tial nature of lipolysis. 

Although a rough parallelism exists between the action of lipase on 
triglycerides of higher fatty acids and their rates of absorption, there 
are several other factors such as melting point and solubility which can 
equally well account for the differences. The non-absorption of paraf- 
fins is not necessarily due to the impossibility of hydrolysing them with 
lipase. There are numerous examples of differential absorption of 
substances much more closely related chemically than paraffins and 
glycerides. 

It may be concluded that lipolysis does occur, but it is unjustifiable 
in the present state of our knowledge to state that this is an essential 
preliminary to absorption of glycerides. It may be that the fact that 
lipolysis is only partial will prove an important determining factor in 
fat metabolism. 

There is no doubt that taurocholic and glycocholic acids or their salts 
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are important for the absorption of fat. It is not always possible to 
demonstrate that bile salts facilitate the passage of fatty acids through 
artificial membranes (21) (22) but there is considerable evidence that 
bile salts and fatty acids form water-soluble complexes and that this 
hydrotropic action is of fundamental importance in determining the 
passage of fatty acid through the intestinal wall. 

A surprising shortage of bile salts is evident, if all the fat absorbed 
from the intestine passes in the form of water soluble complexes of fatty 
acid and bile salt. Making every allowance in their favour, the bile 
salts cannot carry through more than 30 grams of fat per diem in the 
form of fatty acid, a quantity far short of the amount known to be 
absorbed. Six hours after injection of bile salts into an isolated loop 
of intestine rather less than 10 per cent of the amount injected can 
be recovered from mucosal scrapings. This is interpreted (23) as 
evidence that the bile salts are adsorbed to the surface of the intestinal 
mucosa, from which vantage point they are alleged to carry on their 
hydrotropic functions without being circulated. A simpler explana- 
tion might be that all the fat is not absorbed due to the hydrotropic 
action of the bile salts—fatty acid enters thus but the remainder passes 
in as neutral fat, a process which does not involve a quantitative rela- 
tionship with bile salts. 

In addition to their hydrotropic properties the bile acids cause a 
marked lowering of surface tension which will favour the formation of a 
finely dispersed oil-in-water emulsion. The presence of a stabiliser is 
essential if emulsification is to be effective, as otherwise a rapid coales- 
cence of the globules will occur. A stabilising film on the surface 
of the oil globules could be furnished by either protein or soap. Small 
amounts of the latter can still be present even if the contents of the 
intestines are slightly acid. The fine dispersion of fat, while allowing 
more rapid initial hydrolysis, may also be a part of the mechanism for 
glyceride absorption. 

The effect of phospholipin and cholesterol upon fat absorption was 
considered with their possible inclusion in the diet. The presence of 
these lipids in the bile should not be forgotten. 

Fat can be absorbed from the small intestine of the cat (12) without 
any sign of active lipolysis or upset of normal intestinal function or 
intraintestinal equilibria. Neutral fat passes from the intestinal cell 
to the lacteal and it permeates many cell membranes in the body with- 
out any question of preliminary hydrolysis. In all these cases it must 
be in a state of fine dispersion, possibly molecular division. It may 
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pass through the intestinal cell from the lumen of the gut in a similar 
manner. The bile salts do not exert any hydrotropic action upon 
neutral fat, but in the presence of stabilisers bile salts will promote 
emulsification. It seems improbable that dispersion would be fine 
enough to allow passage through a cell membrane, and histological 
preparations suggest that the fat enters in a state of molecular division 
and forms larger aggregates and globules deeper in the cell. After 
emulsification, the bile salts may act as a “wetting agent” allowing 
finely dispersed oil droplets to come into intimate contact with the 
lipid membrane of the cell. The neutral fat molecule is large but cer- 
tain protein molecules can pass unchanged through the intestinal wall, 
giving rise to allergic phenomena. The lipid nature of the cell mem- 
brane will facilitate the passage of the fat molecule. The rapid per- 
meation of finely dispersed oils into animal tissues in the presence of a 
suitable “wetting agent’’ can be readily demonstrated and is made use 
of industrially. The exact nature of the absorptive mechanism re- 
quires further investigation. 

THE FATE OF ABSORBED PRODUCTS IN THE INTESTINAL CELL. The 
fat in the thoracic duct lymph mainly consists of neutral fat, and 
therefore, if the lipolytic hypothesis is correct, resynthesis of glycerides 
from absorbed fatty acid and glycerol must occur in the intestinal cells. 
If, however, all the fat is not hydrolysed before absorption, resynthesis 
ceases to be an essential part of the mechanism. 

The recovery of triglycerides from the thoracic duct after feeding 
with monoglycerides or fatty acids, and other classical experiments 
suggest that, under special conditions, resynthesis of glyceride may 
occur in the intestinal cell. The derivation of these triglycerides from 
other sources than the ingested material has never been properly ex- 
cluded and the experiments were not carried out on a quantitative basis. 
They show perhaps that a mechanism exists whereby resynthesis can 
occur, but they do not demonstrate that it is either normal or essential. 
The chemistry of the resynthesis remains obscure. Given suitable 
conditions for the reverse reaction to occur, lipase might be expected 
to fulfil a catalytic réle, but not much attention has been paid to this 
possibility. An intermediate stage of phosphorylation has been sug- 
gested (24). Addition of glycerophosphate to fatty acid in the intestine 
is said to increase the amount absorbed in 6 hours. With careful assess- 
ment in rats under normal conditions no significant effect of glycero- 
phosphate on the rate of absorption of fat could be demonstrated (25) 
and no effects can be detected in studies of human fat absorption. If 
rats are injected with 0.07 to 0.1 mgm./gram body weight of moniodo- 
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acetic acid there is considerable interference with fat absorption. 
Somewhat similar results follow injection of phlorrhizin in doses of 50 
to 100 mgm. per 200 grams rat. ‘These doses are large and the results 
might be accounted for by other explanations than interference with 
phosphorylation processes. This dose of moniodoacetic acid damages 
the intestinal cells and interferes with the absorption of sodium and 
xylose (26) and the effects of phlorrhizin can also be shown to be due to 
cellular damage and not to any specific effect upon phosphorylation (27). 

Slow absorption of fatty acid occurs in some of these experiments, 
but no neutral fat accumulates in the cells. This was thought to be due 
to interference with resynthesis, but in view of the severe cellular 
damage it is possible that the water-soluble complexes gradually per- 
meate the intestinal wall but the neutral fat cannot pass through since 
its absorption depends upon the normal lipid structure of the cell. 

Adrenalectomy causes slowing of the absorption rate of fat, normality 
being re-established by injection of a potent cortical extract (28). 
The effect has been attributed to control of phosphorylation processes 
by the cortical hormone similar to that described by the same workers 
in connection with carbohydrate absorption (29). The absorption of 
carbohydrate is normal, however, if the health of the adrenalectomised 
animals is maintained by sodium chloride therapy (30). On the avail- 
able evidence it is not possible to link phosphorylation with triglyceride 
resynthesis. 

There is, however, evidence that fatty acids may undergo phosphoryla- 
tion, not as an intermediary in glyceride resynthesis, but in the produc- 
tion of phospholipin. Experiments with unsaturated fats (31) sug- 
gested that the intestinal cells were able to form phospholipin from 
absorbed fatty acids. Later this was confirmed by using iodised fats 
(32) and elaidic acid (33) to trace the fatty acid from the ingested 
material to the formed lecithins. Further support is afforded by ex- 
periments tracing the phosphorus fraction by the use of labelled phos- 
phorus (34). 

Unsaturated fatty acids are preferentially selected for phospholipin 
synthesis, but with adequate supplies of fatty acid relatively saturated 
and unsaturated fatty acids are selected alternately (35). Elaidic acid 
may replace as much as 30 per cent of the natural fat in the formed 
lecithins. Elaidin turnover in the liver is very rapid but in the tissues 
it is slow (36). This may be due to the more unsaturated phospholipins 
being used for cell construction in the liver and tissues whereas the 
more saturated phospholipin is for metabolic use in the liver (37). 

According to Leathes’ hypothesis phospholipin is an important in- 
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termediary in fat metabolism. This mainly concerns lecithin formation 
in the liver, while these recent investigations show its formation in the 
intestinal cells (38). The presence of fat in the diet is essential for 
formation of phospholipins in the intestine but is without effect upon 
their synthesis in the liver (39). In the liver, formation of lecithin may 
be either from fatty acid or glycerides but in the intestine it may be 
formed from fatty acids only. These two sites of phospholipin syn- 
thesis are quite independent of each other and may fulfil quite different 
functions for the body as a whole. The formation in the liver may be 
regarded as being mainly endogenous and concerned with metabolic 
utilisation of fat whereas the intestinal mechanism is exogenous and is 
involved with fat transport; probably both play a part in cell construc- 
tion. 

The close association between cholesterol and fat in the diet and their 
absorption has already been discussed. Whether cholesteryl esters 
are formed in the intestinal cell or in the liver is not known. The effect 
of the bile and lipase upon cholesterol esterification is the subject of 
contradictory reports, but there seems to be no essential reason why 
these cholesteryl esters should not be formed in the intestinal cells, 
and they even form in the intestine in some animals. If this is the case 
some of the absorbed fatty acid will be taken up in this way, and the 
formed cholesteryl esters may pass to the liver in the portal blood. 

Some fatty acids may pass direct to the liver as water-soluble com- 
plexes with bile acids, and a small amount may form soaps, which can 
be detected in the chyle, where they may form surface films on the fat 
globules. 

It seems possible that the greater amount of neutral fat in the intes- 
tinal cell may have been absorbed unhydrolysed in a molecularly dis- 
persed form. This fat passes out of the cell to the lacteal and thence 
into the systemic blood to the fat depots. It is possible that some modi- 
fication of its contained fatty acids may occur, such as alteration in 
saturation or length of the fatty acid chains (40). 

TRANSPORT OF FATIN THE BLOOD. ‘The transport of fat in the animal 
body has been recently reviewed (11), consequently it is only necessary 
here to deal with new points or those having a special! bearing on this 
discussion. Fat absorbed from the intestine may be transported in the 
form of neutral fat, phospholipin, cholesteryl esters, soap or free fatty 
acid. It can pass by the portal vein direct to the liver or it can travel 
by the intestinal lymphatics and thoracic duct into the systemic cir- 
culation, short-circuiting the liver. 
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Neutral fat occurs in the blood as a finely dispersed emulsion with 
fat globules ranging in diameter from 35 mu. to 1 u. When studied 
under dark-ground illumination the blood is seen to be full of brightly 
illuminated particles. Some evidence suggests that they have a pro- 
tein structure (41) but with fuller investigation their biochemical and 
physiological properties show that the main bulk of the particle is 
neutral fat. This is undoubtedly true of the bright particles, and on 
the outside of this particle is an adsorbed layer of globulin which gives 
it properties with precipitants and electrophoresis (42) which may 
have led to the erroneous idea that the whole particle was formed from 
protein. This protein may be secondarily adsorbed on to a soap film 
which it will protect against disruptive effects of the salts of the plasma. 
Artificial particles can be prepared with this structure and they behave 
in every way identically with chylomicrons (48). 

By the use of carefully standardised technique it has been possible 
to estimate the number of particles in a standard field following the 
ingestion of a known amount of fat. These investigations can be made 
on a drop of blood and consequently specimens can be collected as fre- 
quently as required. A chylomicrograph is constructed from the counts 
which shows the relative changes occurring in the blood fat during the 
course of the experiment (43). 

The normal chylomicrograph after a meal containing fat is a com- 
posite curve consisting of an initial and a delayed rise. The former 
starts within 15 minutes of ingestion of the fat and lasts up to 1 hour 
whereas the latter does not start until this period has elapsed. The 
initial rise is due to passage of fatty residua of the previous meal into 
the blood stream and shows the great importance of careful preparation 
of the animal prior to experiments on fat absorption. ‘The delayed rise 
is due to actual absorption and after a normal mixed meal in the human 
subject it reaches a maximum in 23 hours and the basic level of blood 
fat is regained in 43 hours (44). The figure of 6 hours as the time 
for maximum lipemia is false. It was presumably based upon obser- 
vations made after meals containing an excess of fat which cause a 
marked delay in the stomach emptying time. 

It has been shown that phospholipin in the form of lecithin is an 
important method of fat transport. The sphingomyelin and kephalin 
fractions do not appear to be involved. The lecithin is not visible 
under ordinary dark-ground illumination and it does not appear to 
enter into the structure of the chylomicron. Bound cholesterol in the 
form of cholesteryl esters of fatty acids may play their part in fat trans- 
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port. The formation of these unstable compounds is influenced by 
lipase and bile salts. Only small amounts are detected in the chyle but 
there is a significant increase both in the liver and the systemic circula- 
tion during fat absorption. 

Distribution of lipids between systemic and portal circulations. It has 
often been pointed out that water-soluble absorption products pass into 
the portal blood to the liver while those that are not in aqueous solution 
travel in the lymphatics to the thoracic duct. Various hypotheses 
have been put forward (45) to explain the divorcing of the fatty acid/ 
bile acid complex in the intestinal cell. There is, however, no convinc- 
ing evidence to show that either acidity or the presence of positively 
charged ions in the intestinal cells brings about this change. Some, at 
least, of this water-soluble complex might be expected to pass up to the 
liver with other substances in aqueous solution. It has been suggested 
that lower fatty acids tend to escape resynthesis and may pass to the 
liver in the portal blood (46). The close association of cholesterol and 
fat in absorption, the increase in the liver of cholesteryl esters, which 
are essentially exogenous and not due to transport of cholesterol from 
other tissues (47), and the lack of their detection in the chyle, suggest 
that in this form also fatty acid may pass directly into the portal cir- 
culation. Since Munk failed to recover 40 per cent of absorbed fat in 
his human experiments from a lymphatic fistula, it has always been a 
matter of doubt as to whether all the absorbed fat travels by way of the 
thoracic duct. Analyses of portal blood have brought conflicting re- 
ports mainly due to examination of infrequently collected samples. 
From experiments on rats and human subjects (18) it seems possible 
that a partition of absorbed fat occurs which may be predetermined by 
lipolysis. The fatty acid fraction passes to the liver possibly in solu- 
tion due to the hydrotropic action of the bile salts, or as cholesteryl 
esters, and the glyceride portion takes the lymphatic pathway to the 
depots. Possibly not all the fatty acid is destined for the liver since 
some at least will form phospholipin in the intestinal cells and this 
may travel by either route. 

THE DESTINATION OF ABSORBED FAT. Fat depots. ‘The fat depots 
are collections of adipose tissue laid down in various parts of the body 
for storage purposes, which can be called upon by the body when re- 
quired. ‘The main depots are in the subcutaneous tissue, the omentum 
and round the viscera. The fat in the liver is not included since it is 
essentially for metabolic use. The fat in the depots is mainly triglyc- 
eride of low iodine value and bears some relationship to the ingested 
fat. Controversy has raged over the question of whether the fat in 
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the depots is identical with that ingested. The iodine values and 
chemical constitution of fats have been taken into account in trying to 
solve this problem. The resulting observations are conflicting which 
is not surprising since fat may be formed from carbohydrate, be derived 
from other sources or modified after absorption, so that fat from the 
food may be slightly altered or diluted by other fats. Little is known of 
the factors controlling these various changes so that in each experiment 
different effects may occur which cannot be assessed. There is no doubt 
that in the normal animal on a mixed diet most of the fat deposited in 
the depots is derived directly from absorbed fat. In eels fed upon mus- 
sels with low fat content the depots remain unaltered whereas if they 
have herring flesh the depots approximate closely to herring fat in 
character (48). This relationship between the depots and a high fat 
content in the diet may be significant, for in rats also a greater constancy 
in the composition of the depot fat is found with a low fat diet (49). 
In many grazing animals the consistency of the fat can be altered by 
methods of feeding. In rats stained fats or fat labelled with deuterium 
or elaidic acid can be traced to the depots. In human subjects there 
is a marked difference between the blood arriving at the tissues and that 
leaving. There can be no doubt that fat comes from the intestine to 
the depots, frequently scarcely altered in character especially when 
there is a surplus of fat in the food. If there is not much fat in the food 
then differences are more likely to occur since the dilution will be greater 
and modification, resynthesis, or formation from carbohydrate is more 
likely to take place. 

There must, of necessity, be a turnover of fat in the depots. With 
every fat-containing meal more glyceride is removed from the blood 
into the depots. If there was not a corresponding removal or usage by 
the depots, they would continually increase in size. That usage does 
not occur is suggested by the poor blood supply of the depots and the 
low iodine value of the contained fat. There must therefore be a wast- 
age into the blood stream which probably remains fairly constant ex- 
cept in starvation when it will be enhanced. Deuterium labelled fat 
and elaidin have been used as a means of studying this turnover in the 
depots (50) (51). It can be demonstrated that there is a steady turn- 
over of the fat and the half life-time of the fat in the depots is about 
6 to 8 days. Other workers have found a less rapid turnover (52) 
but obviously the rate of wastage will be affected by various factors 
such as the original size of the depots, the demands of the individual 
and numerous endocrine factors. 

In human subjects starving for seven days, the blood fat level is 
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basic after a period of 36 hours. Sudden marked increases in the 
number of particles occur at more or less regular intervals of about 
five hours, consisting of a change from 5 to 10 particles per field up to 
500 or more. This sudden lipemia does not last for more than one 
hour and consequently unless specimens are taken at least at hourly 
intervals it may be completely missed. The source of the particles 
must be other than the chyle, and they have been termed “‘lipomicrons’’ 
to distinguish them from the “chylomicrons”? which occur after the 
absorption of fat. Whether this increase of lipomicrons, or “fat crisis,” 
occurs without starvation is not known, but from the fact that such 
irregularities have not been detected in several hundred post-absorptive 
studies and that they do not occur until some time after starvation has 
begun suggests that they represent the enhanced wastage from the 
depots consequent upon the increased metabolic demand by the body. 

The other factors that influence the mobilisation of fat from the 
depots do not come within the scope of this paper, but they require 
mention as some interrelations will eventually be found between these 
factors and those under discussion. Section of nervous paths either in 
the brainstem or peripheral system modifies the mobilisation of fat from 
the depots which may be due to the presence of a central controlling 
mechanism in the mesencephalon (53). The pituitary gland influences 
fat mobilisation and potent extracts can be shown to have a definite 
effect upon the blood fat (54). In cases of pituitary dysfunction obesity 
is often a striking characteristic. Changes in the fat depots occur in 
hypo- and hyperthyroidism, but the mode of action of thyroxine in this 
connection is not known. The adrenal cortex seems to play some part 
in fat absorption and emaciation is one of the cardinal signs of Ad- 
dison’s disease. Sexual differences in fat deposition suggest that the 
gonads are also concerned in this intricate endocrine control. The 
effects described can be due to direct action upon the absorption, dep- 
osition or utilisation of fats or may be concerned with the conversion 
of carbohydrate to fat. 

Liver. When animals are fed on fat containing deuterium, it is 
possible to demonstrate that the lipids are rapidly taken up by the liver 
(55). Although modification of fats and synthesis of phospholipins 
can be shown to occur in other tissues, it is only in the liver that the 
lipids are prepared by intermediate phosphorylation processes and 
desaturation for general metabolic use. The liver may also be the site 
of the conversion of carbohydrate to fat (56). 

There are two main classes of lipid in the liver. The first is an 














574 A. C. FRAZER 


essential part of the cell structure of the gland, which does not vary 
under ordinary physiological conditions, and the second is metabolic 
lipid consisting of glycerides, phospholipins or cholesteryl esters, which 
may vary considerably. The glycerides are derived from the fat in the 
food which passes through the depots either because it is in excess of the 
amount that the depots can remove from the blood or because the fat- 
removing power of the depots is decreased. Glycerides may also be 
derived from fat which has been previously stored in the depots or be 
formed in situ from carbohydrate, fatty acids or other substances. 
The phospholipins may reach the liver after being synthesised in the 
intestinal cell or they may be formed in situ from fatty acids or neutral 
fat. Cholesteryl esters may pass from the intestine having been either 
absorbed in this form or synthesised in the intestinal cell. They may, 
on the other hand, be formed in the liver from fatty acid. 

Accumulation of fat in the liver will occur when the balance of fat 
income and expenditure is upset. The main sources of fat income 
are surplus in the diet, diminished uptake by the depots, increased 
mobilisation from the depots, or increased formation from other sources. 
Fat expenditure mainly depends upon fat utilisation or alteration in the 
permeability of the liver cell membranes to the lipids. If liver function 
is depressed, certain essential procedures in intermediate fat metabolism 
may be hindered and fat will accumulate. The absence of any essen- 
tial constituent or catalyst to these intermediate changes might delay 
fat expenditure. Finally the fat may arrive in greater quantities than 
the normal liver can deal with, giving rise to a relative hepatic insuf- 
ficiency. The factors affecting the permeability of the liver cells to 
lipids are not known. 

Simple excess of fat in the diet can easily be shown to cause an 
increase of fat deposition in the liver. There is an increase in all the 
fractions associated with metabolism, especially the glycerides. Little 
is known of the factors affecting the uptake of fat by the depots so that 
this possibility cannot be assessed. Increased formation from other 
sources, probably carbohydrate, occurs with aneurin (thiamine) therapy 
(57), but fatty livers occur with vitamin B6 deficiency (58). 

Depression of liver function by poisons is a well-known cause of 
fatty livers, the fat being brought from the depots. This amount of 
fat accumulation may be an expression of the normal wastage from the 
fat depots, but the effect of decreased liver function upon the organism 
as a whole must be borne in mind since diminished utilisation of car- 
bohydrate might increase the call made upon the depots. 
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Lipotropy. An interesting group of experiments have been made 
during the last eight years which introduce a number of new factors 
into the problems of liver fat. Certain factors have been found to 
decrease liver fat under conditions that normally result in fat accumu- 
lation—these are termed lipotropes. 

Depancreatised dogs with severe fatty livers show marked improve- 
ment when fed lecithin, and their sugar excretion, which is some index 
of hepatic function, increases (59). Lecithin also prevents the de- 
velopment of fatty livers in rats on a high fat diet (60). Investigation 
of the different constituents of lecithin shows that it is the choline frac- 
tion which has this effect and many derivatives of choline and choline- 
containing substances, such as betaine, have a similar action (61). 
The effect on the liver is a marked decrease in the glyceride fraction and, 
provided that there is not any excess of cholesterol in the diet, the 
cholesteryl esters are also diminished. The phospholipin content ap- 
pears to vary inversely with the glycerides. In the livers of animals 
fed on a choline-free diet, there is an accumulation of fat, the composi- 
tion of which can be directly modified by alterations in the lipids in- 
gested (62). The addition of choline to the diet results in dispersal of 
the liver fat, but it does not influence the degree of saturation of the 
fatty acids or phospholipin fraction in the liver, nor does it appear to 
affect mobilisation from the fat depots. From the close association of 
the ingested fat with the accumulation of lipids in the liver, its action 
does not seem to be connected with formation of fat from carbohydrate. 
From consideration of the general principles which govern the deposi- 
tion of fat in the liver, the effect of choline deficiency should be due 
either to diminished utilisation or altered permeability in the liver or 
to decreased uptake of fat by the depots. That choline may play some 
part in intermediate lipid metabolism, perhaps being involved in phos- 
pholipin synthesis in the liver, is an attractive hypothesis. It is 
strange, however, that the liver should not correct the interference with 
its function by making use of the many other available sources of 
choline. There is no alteration in the ratio of choline to non-choline 
containing phospholipins in the liver (63), and no effect upon the keto- 
genesis in fasting mice (64) when choline is ingested. When choline 
derivatives are used, they cannot be traced in the liver phospholipins 
(65) (66), and normal doses of choline have little effect upon the fatty 
liver which occurs in starvation (67). There is, therefore, little evi- 
dence for supposing that choline stimulates fat oxidation or that it is 
concerned with phospholipin formation in the liver as a factor in in- 
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termediate metabolism. It may still, however, stimulate the formation 
of phospholipin in the intestinal cells. Nothing is known of the effect 
of phospholipin upon the removal of fat from the bloodstream into the 
fat depots or upon the permeability of the liver cells to lipids. An 
adequate amount of lecithin might facilitate the passage of fat into 
the depots and at the same time accelerate its dispersal from the liver. 
Deficiency of phospholipin formation in the intestinal cells might then 
result in more fat passing through the tissues to the liver where it will 
accumulate. Such a mechanism might explain the main effects of 
physiological doses of choline. The effect of choline upon the choles- 
teryl esters may perhaps be explained by the fact that fatty acids may 
form either phospholipin or the esters. If there is decreased phospho- 
lipin formation then cholesteryl esters might be expected to show some 
increase provided that there is a surplus of cholesterol in the diet. If, 
however, the formation of lecithin is favoured by the presence of choline 
and the cholesterol is kept down to a minimum then the balance will 
swing in the opposite direction. 

The amount of protein in the diet may be a factor in preventing 
accumulation of fat in the liver when there is a surplus of fat in the food. 
The action is quite different from that of choline, and the glyceride 
fraction is mainly affected while the cholesteryl esters do not alter (68). 
Fatty livers have also been produced by ingestion of cystine, an effect 
which can be prevented by the addition of casein to the diet (69). 
This antagonistic effect may be due to the lipotropic action of the con- 
tained methionine (70). Methionine causes a decrease of both the 
glyceride and cholesterol fractions and the relative lipotropic properties 
of different proteins are roughly proportional to their methionine content 
(71). Further investigations seem desirable before attributing the 
whole of the lipotropic action of proteins to this one factor. No hy- 
pothesis can be formulated at present as to how or where the protein 
exerts its lipotropic effect, but from studies with deuterium-fat a low 
protein diet can be shown to cause accumulation of fat in the liver which 
is not derived from the depots but from carbohydrate (72). 

Completely pancreatectomised dogs, maintained on an adequate 
supply of insulin, develop fatty livers which can be prevented by 
administration of raw pancreas or certain pancreatic extracts (73). 
It has been alleged that the pancreas contains a hormone, lipocaic, 
which controls fatty deposition in the liver (74). The evidence for the 
existence of this hormone is unsatisfactory. The pancreatic extracts 
have been shown to contain both choline and protein, but various 
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authorities differ in their assessment of the extracts. Several state 
that the whole effect of the extract can be accounted for by the choline 
content (75) (76) (77), but a careful assessment reveals that there may 
be more action with the extract than can be accounted for by the 
choline and protein present (78), the former being responsible for one 
third of the lipotropic action. No account has been taken in these 
experiments of the possible action of lipase. This will perhaps affect 
the liver fat, especially the cholesteryl esters upon which raw pan- 
creatic extract has been found to have a marked effect (79) whereas the 
autoclaved extract has not (80). Until this active principle has been 
demonstrated in a pancreatic extract which is free from choline, pro- 
tein and other extraneous lipotropes and the confusing effect of lipase 
has been clearly determined, a conservative view of the possible exist- 
ence of lipocaic seems advisable. 

Several other factors in the diet may cause an increase of liver fat 
but practically nothing is known at present of the cause or significance 
of these findings. If the food contains an excess of cholesterol, there is 
a marked increase of both bound and free cholesterol in the liver ac- 
companied by an accumulation of glycerides (81). A possible relation- 
ship between vitamin A in the diet and fat deposition in the liver has 
been suggested (82) and fatty livers associated with vitamin B defi- 
ciency have already been referred to (58). Addition of lecithin to the 
ingested food does not appear to affect fat deposition apart from the 
action of the contained choline (83). Liver or various liver extracts 
added to the diet result in an increase in the cholesteryl esters in the 
liver (84). Further investigation must decide how these observations 
ean be correlated with the mechanism of fat absorption and metabolism. 

THE EFFECT OF DIET UPON FAT UTILISATION. Apart from the in- 
fluence of dietary and intestinal factors upon general fat metabolism 
which has been outlined and which indirectly affects fat utilisation, 
a more direct relationship between the diet and the metabolism of cer- 
tain unsaturated fatty acids can be traced. A “fat deficiency’’ disease 
can be produced in rats characterised by interference with growth 
and the occurrence of acrodynia-like skin lesions (85). Cure can be 
effected by administration of certain unsaturated fatty acids, such as 
linoleic and arachidonic acids (86). The disease is closely associated 
with deficiency of vitamins B1 and B6. If aneurin (thiamine) is ad- 
ministered to vitamin deficient pigeons the amount of fat deposition 
exceeds the supply of ingested fat suggesting that formation of fat 
from carbohydrate must occur under these conditions (57). Vitamin 
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B6 is essential for the proper utilisation of the essential unsaturated 
fatty acids, which cannot be synthesised in the body (87). Deficiency 
of the essential fatty acids has also been demonstrated in certain 
cases of eczema in babies, but an adult subject living on a fat-free diet 
for six months showed no pathological lesions although he was shown to 
be deficient in essential acids (88). The R. Q. of this subject rose to 
1.14 indicating the conversion of carbohydrate to fat, but clearly the 
essential fatty acids could not be formed in this way. Rats on an 
equivalent diet developed the typical symptoms of ‘‘fat deficiency.” 


SUMMARY OF THE INFLUENCE OF DIET AND ABSORPTION UPON 
METABOLISM 


Neutral fat enters the small intestine with the food and it leaves it in 
the same form in the lymphatics, but whether it is broken down and 
resynthesised as it passes through the intestinal wall has not yet been 
proved. The lipolytic hypothesis may eventually prove to be correct, 
but on the evidence available it would seem wiser to bear alternative 
possibilities in mind, and the dangers of interpreting all other experi- 
ments in the terms of a possibly false premise cannot be over-em- 
phasised. One possible alternative is the partition hypothesis, accord- 
ing to which neutral fat is absorbed unsplit and passes by the lymphatic 
system and thoracic duct into the systemic blood and thence to the fat 
depots, whereas the fatty acid forms phospholipin, cholesteryl esters or 
soaps and passes mainly by the portal vein direct to the liver. If this 
is true, the degree of lipolysis determines how much fat will go to the 
liver or to the depots. The amount going to the depots will depend 
upon the relationship of the quantity of fat in the diet to the lipolytic 
potentialities of the individual, and obesity may be an expression of 
relative pancreatic insufficiency. The amount of cholesterol ingested 
affects the formation of cholesteryl esters which is also influenced by 
the bile salts and lipase. The significance of the cholesterol circulation 
or the metabolism of cholesteryl esters remains obscure. The choline 
content of the diet may exert its action upon phospholipin synthesis in 
the intestinal cells, which in turn may be a factor in removal of fat from 
the bloodstream into the depots. The mode of action and significance 
of the other lipotropic factors must await further investigation, but 
their existence clearly indicates the close relationship between the 
dietary constituents, intestinal function and fat metabolism. 

Not only the quantity but also the quality of the ingested fat affects 
metabolism. The essential nature of certain unsaturated fatty acids 
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and the importance of vitamin B6 in their utilisation form another link 


between the composition of the diet and the ultimate fate of absorbed 
fat. 


The formation of cholesteryl esters or phospholipins, the passage of 
fat to the liver or its removal to the fat depots, the maintenance of 
balance between fat income and expenditure, the nutritional health of 
the body and utilisation of unsaturated fatty acids, all may depend 
to a great extent upon factors in the diet or the intestine. These are 
not, of course, the only factors involved since nervous and endocrine 
action play their part, but it must be left for future work to unfold the 
possible interrelations between the internal and external controlling 
mechanism. 
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FLUORIDE INTOXICATION 


D. A. GREENWOOD! 
Depariment of Pharmacology, The University of Chicago 


Recent biological interest in fluorine compounds is due essentially 
to the following observations: 1, the consumption of a drinking water 
containing one part per million or more of fluorine during the calcifi- 
cation of the teeth causes a hypoplasia of the teeth (mottled enamel) 
in man and lower animals; 2, the feeding of certain phosphatic mineral 
supplements containing considerable quantities of fluorine compounds 
to domestic animals has affected them adversely; 3, small quantities 
of fluorides retard fundamental enzymatic processes; 4, in the United 
States, the use of fluorine compounds (cryolite and barium fluosilicate) 
as insecticidal sprays for fruits and vegetables has been expanded. 

General reviews on this subject have been written by DeEds (73), 
McClure (204) and Roholm (274) (275) (277). The most complete 
treatise is the monograph by Roholm (273). 

This review is concerned primarily with the literature from 1933 to 
the latter part of 1939. Numerous publications on this subject have 
appeared during that period and the scope of this review does not 
permit an evaluation of each paper, hence only representative papers 
on each phase of the subject will be discussed. 

METHODS OF ANALYsis. Fluoride analyses are still fraught with 
uncertainties. Some of the data prior to 1933 were obtained by less 
adequate methods. The analytical data and physiological studies 
based upon these methods are therefore difficult to evaluate. 

The revival of biological interest in fluorides stimulated many in- 
vestigators to develop new or to improve the old methods of analyzing 
for this element. Scott’s Standard Methods of Chemical Analysis 


1 The author desires to thank the many investigators who have contributed to 
this review, especially Drs. 8S. W. Damon, H. T. Dean, F. DeEds, R. Erausquin, 
R. J. Evans, K. D. Jacob, W. F. Machle, W. H. MacIntire, F.:J. McClure, F. 8. 
McKay, H. H. Mitchell, V. E. Nelson, P. H. Phillips, K. Roholm, R. A. Trelles 
and H. Velu. Deep appreciation is expressed to Drs. E. M. K. Geiling, A. J. 
Carlson, J. R. Blayney, P. C. Hodges and C. C. Pfeiffer for invaluable criticisms 
and suggestions received during the preparation of the manuscript. 
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(295) revised in 1938 by Furman et al., and the review by Hernler and 
Pfeningberger (129) contain valuable detailed summaries of the vari- 
ous methods of analyzing for fluorine compounds. 

At present, the method used most widely for the analysis of biological 
material is that of Willard and Winter (370) or some modification of it 
(5) (7) (42a) (52) (66) (112) (127) (188) (200) (205) (263) (264) (265) 
(266) (279) (293). The conflicting reports in some of the literature 
are due mainly to the fact that adequate methods were not available 
or the investigators were not aware of the many substances and ex- 
perimental conditions which interfere with fluorine determinations. 
For example, excessive concentrations of sulfates and phosphates 
interfere with most methods used in the determination of fluorine. 
Fluorine compounds should be separated from the interfering sub- 
stances or appropriate corrections made for their presence. In ash- 
ing samples for analysis, a fixative should be present (e.g., Al(NOs)3, 
CaO) and the mixture heated at a low temperature, not to exceed 600- 
650°C., because fluorine compounds are generally volatile above this 
temperature. 

OCCURRENCE AND DISTRIBUTION. Fluorine is one of the most active 
elements chemically, consequently it does not occur in the free state in 
nature. The term “fluoride intoxication” has been used in this review 
to indicate fluorine in the combined form; however, not all fluorine 
compounds are fluorides technically. Fluorine compounds are fre- 
quently found in gases from volcanoes and fumaroles. Igneous rocks 
usually contain this element in varying amounts (0.01 to 3.36 per cent) 
and its compounds have been found widely distributed in many types 
of rock formation. 

A. Industrial uses of fluorides. The principal fluorine bearing min- 
erals which are used in large scale industrial processes are: fluorite or 
fluorspar (CaF), cryolite (Na3;AIFs), apatite (3Ca;(PO,).-CaF:) and 
sedimentary phosphate rock. 

Fluorspar is used extensively as a flux in the smelting of many metals 
and in the ceramic industries. It has been estimated that 3 to 5 
kgm. of it are used in the average production of one ton of steel (168) 
(273). During the smelting process, silicon tetrafluoride (SiF;) is 
formed according to the following reaction: 3 SiO. + 2 CaF, — SiF, + 
2 CaSiO;. The world production of fluorspar was about 525,000 
metric tons in 1937 (4). 


Fluorine compounds are used widely in glass, enamel and brick 
production. 
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Cryolite is used in the manufacture of aluminum by the Hall-Heroult 
electrical process which is employed extensively today. Reactive 
fluorine compounds are produced during the process. The total world 
production of aluminum was about 600,000 metric tons in 1938 (192). 

Large deposits of phosphate rock are found in Colorado, Florida, 
Idaho, Montana, South Carolina, Tennessee, Utah, Wyoming and also 
in other parts of the United States and the world (139). Phosphate 
rock (containing about 3.5 per cent F) (133) is used in the manufacture 
of superphosphate (retaining approximately 75 per cent of the F) 
which is used in animal and plant nutrition. The world use (industry 
and agriculture) of apatite and phosphate rock was approximately 
12,025,000 metric tons in 1938 (138). 

While the above industrial processes represent the more important 
large scale sources of possible fluoride intoxication, table 1 contains a 
summary of other, small scale uses of fluorine compounds in technical 
processes which may also lead to fluorine ingestion by man. The data 
indicate that fluorine compounds are used widely in industrial processes. 

B. Occurrence of fluorides in edible foods. Fluorine compounds are 
present in numerous foods. The amount varies with the type as well 
as with the sources of the foods. McClure (206) has prepared a sum- 
mary of the fluorine content of foods and beverages reported in the 
literature (4) (50) (65) (77) (79) (92) (141) (180) (208) (220) (221) 
(263) (334) (875). The fluoride content of most edible foods ranges 
from traces to about 10 p.p.m.,? with foods containing 1-2 p.p.m. 
being most common. The foodstuffs containing the greatest amounts 
of fluorides are certain teas, phosphate baking powders, bones, fruits 
and vegetables which have been sprayed with fluorine-bearing insec- 
ticides and then not washed adequately. Gaud et al. (104) found that 
wheat and barley grains produced in normal areas in North Africa 
showed 2 and 3 p.p.m. of fluorine while such grains raised in fluorine- 
containing rock phosphate areas contained as much as 226 and 184 
p.p.m. respectively. They estimated that at least three fourths of 
the fluorine found in these plants analyzed was due to the dust on the 
surface of the grain. 

The fluorine content of most teas ranges from 9 to 399 p.p.m. Reid 
(260) analyzed one sample of fresh tea leaves (grown in a fluorite min- 
ing area in China) which contained 1757.8 p.p.m. of fluorine. He also 
found that from 81 to 96 per cent of the fluorine in tea leaves was ex- 


2? p.p.m. = parts per million. 
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It is important to note that the 


ingestion of 1 and 2 per cent infusions of a tea, containing 399 p.p.m. 
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Uses of fluorine compounds in technical processes 
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CaF: (273) 

HF (273) 

Na,Sif’s (273) 

HF (273) 

Na,SiFs; MgSiFs (273) 
Na,Sik’s (85) 

HSik’s (334) 

Na,SiF’s (273) 


SbF; (273) 

CaF, (16) (218) 

CaF; (55) (56) (80) 

NasAlF;; NaSik; 
(361) 

HF; NH,F (273) (290) (340) 

MgSiF;,; ZnSil’s (273) 

NaF (142) 

HBF, (273) 

Sundry compounds (273) 

CaF, (273) 


CaF, 


NaF; ZnF.; MgSikF (44) 
(62) (136) (137) 
H.SiF.; PbSiF, (228) 
SO.F,; SF, (342) 
(379) (273) 
HF (273) 
HF (273) 


HF 

HF (273) 

CaF; (177) (347) 
HF (273) 
HSiF’s (273) 
CrF; (273) 





of fluorine in the dry substance, causes tooth striations in the rat in 


four to five weeks. 


Reid and Cheng (261) found that the feeding of 











586 D. A. GREENWOOD 


fluorine present in 1 and 2 per cent infusions to female rats during 
pregnancy and lactation resulted in an increased storage of fluorine in 
young rats at weaning. The permeability of the placenta to fluorides 
has been reported (154) (235) (354). 

Phosphate baking powders (206) contain from 19 to 220 p.p.m. of 
fluorine and edible cooked bone (206) 93 to 367 p.p.m. In the rat, 
naturally occurring fluorine compounds in canned salmon and mackerel 
(169) was stored at about one-third the rate of added inorganic fluorides. 
The latter was also three times as effective in producing a bleaching 
of the enamel as the former. 

Fluorine-containing insecticides such as cryolite (impure Na;AILF¢) 
and barium fluosilicate (BaSiF’s) are now being employed as sprays for 
fruits and vegetables (198) (380). Fluoroarsenates of zinc, copper, 
aluminum and magnesium have been recommended as insecticides 
recently (118). Unless these substances are removed from these foods, 
they constitute an additional fluoride hazard (119) (314). Carter and 
Busbey (45) have reviewed the literature relating to fluorine in insecti- 
cides and related compounds. These sprays are replacing lead arsenate 
in many areas. Overley (239) reports that 1,786,000 lbs. of cryolite 
fruit-spray were used in the state of Washington in 1938, and estimated 
that the amount used in that state in 1939 would be slightly less than 
in 1938. The amount of fluorine found on unwashed apples varied 
from 0.15 to 0.40 grain per pound of fruit (21 to 57 p.p.m.) depending 
upon the number of cover sprays and other factors. Most of the 
fluorine residue can be removed from the sprayed fruit by brushing in 
a dilute hydrochloric acid solution and washing with water. 

McClure (206) has compiled data on the fluoride content of baby 
foods. The fluorine content of such foods should be kept at a low level, 
particularly during the period of calcification of the teeth (276). 

C. Occurrence of fluorides in drinking water and its correlation with 
mottled enamel. Smith (308) has determined the fluoride content of 
55 Arizona water supplies by the methods of Fairchild (99), Foster 
(100), Sanchis (281), and Willard and Winter (370). These methods 
have been used frequently to determine the fluoride content of water. 
The results obtained by the Foster, Sanchis, and Willard and Winter 
methods were in close agreement, while the Fairchild method gave 
results which averaged two to three times higher on certain waters 
than the other three methods. Mottled enamel was associated with 
a fluoride concentration of 0.9 to 1.0 p.p.m. or greater in Arizona waters 
(Foster, Sanchis, and Willard and Winter methods). Data from 
other areas (53) (72) reveal that the consumption of water containing 
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1 p.p.m. or more of fluoride (analyzed by Foster, Sanchis, Willard and 
Winter or equivalent method) during the period of calcification of the 
teeth results in the production of mottled enamel in man. 

Mottled enamel and waters containing fluorides in concentrations 
of 1 p.p.m. or above occur in many areas in the United States (1) 
(10) (12) (26) (30) (52a) (53) (57) (68) (72) (76) (101) (111) (135) 
(143) (144) (158) (161) (173) (190) (237) (238) (258) (294) (307) (311) 
(319) (351) (364) (368) (371). Drinking waters containing 1 p.p.m. 
or more of fluoride appear to be most prevalent in the middle west and 
southwestern parts of the United States. While accurate data are not 
available regarding the number of people who are consuming water 
containing toxic concentrations of fluoride, estimates from [Illinois 
(368) and Texas (17) indicate that about 330,000 and 500,000 persons 
respectively are involved in these two states alone. 

Mottled enamel and waters containing toxic amounts of fluoride 
have been reported from Africa (103) (277) (824) (825) (331), Asia 
(47) (225) (236) (257) (300) (301) (835) (836) (867) (372), Europe 
(3) (32) (48a) (227) (268) (329) (372), South America (67) 86) (233) 
(344) (345) (346), and other parts of the world (54) (176) (277) (365). 

FLUORIDE INTOXICATION IN MAN. A. Local action. Hydrofluoric 
and hydrofluosilic acids and their more soluble salts have a corrosive 
effect on living membranes. Brief exposure causes redness and a pro- 
longed burning sensation. Longer exposures or more concentrated 
solutions produce yellowish, coriaceous changes in tissues which later 
develop into painful and slow-healing ulcers (282). Seldom is such 
injury permanent although a few cases have been reported with sec- 
ondary fatal termination. 

Gaseous silicon tetrafluoride and hydrogen fluoride are extremely 
irritating to the conjunctiva and mucous membranes of the respira- 
tory passages, causing sneezing, coughing, hoarseness and increased 
secretions from nose and eyes. Among workers exposed to dust con- 
taining fluorine compounds, acute pulmonary symptoms such as 
bronchitis, dyspnea, and asthma have been reported (88) (277). 

B. Acute intoxication. Roholm (273) has prepared a detailed sum- 
mary of the acute cases of fluorine intoxication which have been re- 
ported in the literature from 1873 to 1935 inclusive. During the 
period 112 cases were described, 60 of which ended fatally. Several 
additional cases (19) (41) (105) (129a) (376) have been observed since 
1935. In most instances, these were the result of accidents in which 
fluorine-containing insecticides, rat poison or other preparations were 
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ingested in large quantities by mistake. Sodium fluoride, sodium 
fluosilicate, hydrofluoric acid and hydrofluosilicic acid, in the order 
named, were the compounds most frequently involved. The cases 
described by Griebel et al. (116) are of special interest because mass ill- 
ness was traceable to apricot preserves containing excessive fluorine. 
Roholm (272) has made an analysis of the mysterious fog disaster which 
occurred in the Meuse Valley near Liege, Belgium in December of 1930. 
He states that the circumstantial evidence indicates that the disaster 
was probably due to acute fluorine poisoning which resulted from 
gaseous fluorine compounds (HF, SiF;) liberated by certain factories in 
the area in conjunction with an unusually heavy fog. Several thou- 
sand persons suffered acute pulmonary attacks, and 60 deaths were 
reported. 

The symptoms of acute intoxication are partly local, affecting the 
gastro-intestinal tract (thirst, vomiting, abdominal pains, diarrhea) 
and partly due to absorption which results in alternate painful spasms 
and pareses, weakness, excessive salivation, perspiration, dyspnea and 
weakened pulse. Death is attributed primarily to respiratory paralysis. 
One or more of the symptoms may be absent. Post-mortem examina- 
tions reveal a marked hemorrhagic gastro-enteritis with a tendency 
to necrosis. Microscopic findings have indicated a more or less pro- 
nounced degeneration in the parenchymatous organs (particularly the 
liver and kidneys). 

With the exception of a few cases, where the fatal dose was as low 
as 0.2 and 0.7 gram of sodium fluosilicate for adults, the lethal dose 
ranged from 5 to 15 grams of sodium fluoride or sodium fluosilicate. 

C. Chronic intoxication. The first detectable symptom of chronic 
fluorine poisoning is a hypoplasia of the teeth which has been called 
mottled enamel, darmous and gaddur. The condition consists of an 
irregular distribution of grayish white blotches or chalky areas over 
the entire tooth surface and involving all teeth. Upon some teeth 
there is an irregular distribution of pits; on others, an incomplete calci- 
fication of the cusp tips, and in extreme cases, the entire tooth surface 
is pitted. This general condition is accentuated in many cases by a 
discoloration ranging from light brown to almost black. The permanent 
teeth are affected most frequently; however, mottled deciduous teeth 
have been reported (313) (822). The damage occurs during the process 
of calcification of the teeth. In man, this process, with the exception 
of the third molars, occurs during the first eight to nine years of life. 

The details of the macroscopic and microscopic changes occurring 
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during dental fluorosis have been described (6) (35) (88) (69) (74) (87) 
(149) (152) (173) (226) (234) (283) (283a) (284) (286) (287) (288) 
(314) (364). Schour and Smith (285) believe “that fluorine exerts a 
direct local action on enamel forming cells and that the changes observed 
in the enamel and dentin are not produced primarily by changes in 
blood calcium or phosphorus or by disturbances in the parathyroids.”’ 

Roholm et al. (278) observed no significant variation in blood calcium 
or inorganic phosphorus in cryolite workers with varying degrees of 
osteosclerosis. Normal values for blood calcium, inorganic phosphorus, 
hemoglobin and coagulation time were found in puppies which had 
received fluorine at levels (0.45-4.52 mgm. per kgm. of body weight) 
comparable to and higher than that consumed by man in some mottled 
enamel areas, during the eruption of the permanent teeth (113) (21). 
Blood sugar and nitrogenous constituents were within normal limits 
in dogs fed 4.5 to 13.6 mgm. of fluorine (as NaF) per kgm. of body 
weight for 44 to 12 months (115). Large doses of fluorides, however, 
produce changes in the blood constituents (61) (15lc) (262) (337). 
Fluorine compounds have been reported to alter the structure and 
function of the parathyroids (19a) (45a) (155) (239a). On the other 
hand, other investigators have not been able to find any consistent 
gross or microscopic changes in the parathyroids with the administration 
of toxic doses of fluorine compounds (123) (124) (125) (15l1c). 

The minimum amount of fluorine required to produce mottled enamel 
has not been determined accurately. DeEds (72) estimated that the 
daily intake of 0.1 to 0.15 mgm. of fluorine per kgm. of body weight in 
the drinking water is sufficient to produce mottled enamel. This 
calculation does not include the fluorine content of the food. McClure 
(206) has calculated that an average child of 15 kgm. living in a mottled 
enamel area where the water contained 2 to 3 p.p.m. of fluorine would 
consume 0.15 to 0.30 mgm. of fluorine per kgm. of body weight daily. 
Machle et al. (182) (185), studying the relation of urinary fluorine 
excretion to the fluorine content of the food and water ingested, con- 
cluded that: 1. The fluorine content of foods appears to play a minor 
réle in the production of mottled enamel; however, “amounts equivalent 
to or slightly greater than those encountered in foods grown in endemic 
areas are not associated with the production of mottled enamel where 
there is not an accompanying elevation in the fluorine content of the 
drinking water.’”’ 2. Analyses of samples of urine from people living 
in different parts of the United States where the fluorine content of the 
water is less than 1 p.p.m. revealed that there is a normal urinary 
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fluorine excretion of approximately 1 mgm. per liter of urine. 3. There 
appears to be a direct correlation between the high fluorine content of 
the drinking water and the amount of fluorine excreted in the urine. 
Where mottled enamel is endemic and the drinking water is high in 
fluorine, the urinary excretion of fluorine is much greater than in areas 
having no mottled teeth. Smith (323) reports 24 cases of mottled 
enamel in an area where the fluoride content of the water was less 
than 1.0 p.p.m. Most of these patients had febrile diseases during 
childhood. 

Shortt et al. (800) have made detailed clinical, radiological and bio- 
chemical investigations of ten chronic cases of fluorine intoxication 
from a mottled enamel area in India. The people consumed the high 
fluoride water for 30 to 45 years before clinical symptoms of bone 
changes and possible kidney impairment occurred. The clinical picture 
related essentially to disabilities caused by calcification of ligaments, 
tendons, fasciae, the formation of osteophytic outgrowths of bones 
and nervous effects of mechanical pressure due to the encroachment of 
bone on the spinal cord. The radiological evidence also revealed ex- 
cessive calcification of tendons, ligaments and fasciae, the production 
of osteophytic formations on various bones, and almost complete syn- 
ostosis of the various joints, especially of the vertebral column. The 
radiographs provided the clues to the clinical observations. Serum 
calcium, inorganic phosphorus and phosphatase indicated a favorable 
condition for abnormal deposition of bone. In the majority of cases 
kidney function was also impaired. 

‘Blue (24) has made a survey of the general physical development of 
children living in normal and endemic mottled enamel areas in the 
Panhandle of Oklahoma. He states that the general development of 
the children, as indicated by the number with fractured bones, rickets 
and dental deformities, is retarded in the mottled enamel areas where 
the drinking water contains more than 1 p.p.m. of fluorine. This study 
was based on clinical observations and no data were reported regarding 
the intake of essential constituents of the diet, such as calcium, phos- 
phorus and vitamins concerned with bone and tooth formation and 
maintenance. Calcium and phosphorus balance studies on girls living 
in mottled enamel areas in Arizona revealed a normal assimilation of 
these elements (165) (319). When young rats were fed 0.1 per cent 
sodium fluoride ‘‘their ability to metabolize calcium and phosphorus 
was decidedly impaired” (164). 

Human osteosclerosis has been found to be due to the ingestion of 
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fluorine compounds for several years. This condition can be identified 
radiologically and it was first described by M@¢ller and Gudjonsson (224) 
and Mgller (223) among cryolite workers. Roholm (273) has made 
a more comprehensive study of the cryolite workers in Denmark and 
estimated that they regularly ingested from 0.20 to 0.35 mgm. of fluorine 
per kgm. of body weight daily. He has described the essential changes 
briefly as follows: ‘The first thing to emphasize is the fact that the 
affection is a system-disease, for it attacks all bones, though it has a 
predilection for certain places. The pathological process may be char- 
acterized as a diffuse osteosclerosis, in which the pathological forma- 
tion of bone starts both in periosteum and in endosteum. Capacta 
densifies and thickens; the spongiosa trabeculae thicken and fuse to- 
gether. The medullary cavity decreases in diameter. ‘There is con- 
siderable new-formation of bone from periosteum, and ligaments that 
do not calcify or only in advanced age undergo a considerable degree 
of calcification. All signs of bone destruction are absent from the 
picture.” The histopathology of the bone changes in chronic fluorosis 
have been described (145) (163) (199) (338). Robison and Rosenheim 
(269) have studied the calcification of hypertrophic cartilage of rat 
in vitro. They found that sodium fluoride in concentrations as low 
as 0.00001 M prevented calcification of slices of rat cartilage in solutions 
containing 8 mgm. of calcium and 5 mgm. of inorganic phosphorus per 
100 cc. of solution. 

Speder et al. (324) (325) and Gaud et al. (104) have found similar 
changes occurring in man in “phosphate zones’’ containing considerable 
concentrations of fluorine (water, soil, dust) in North Africa. Bishop 
(22), Bauer et al. (15) and Wolff and Kerr (377) reported a case of 
osteosclerosis occurring in a man who had worked in a phosphate fer- 
tilizer plant in the United States. More recently, Capizzano et al. 
(38a) have observed bone changes in endemic mottled enamel areas 
in La Pampa, Argentina. Although the number of cases studied has 
been limited, the findings are typical of fluorine poisoning. 

Many studies have been reported concerning the influence of fluorine 
compounds on the thyroid (82) (96) (108) (109) (110) (134) (203) (222) 
(297) (324) (324a) (333) but there is no general agreement regarding 
how the gland is affected. Goldemberg (107a) reported beneficial 
results from the use of sodium fluoride in the treatment of hyperthy- 
roidism. Phillips et al. (245) (247) (248) have not been able to confirm 
the results of Goldemberg on rats, guinea pigs or chickens. Litzka 
(179) found that 3-fluorotyrosine acted antagonistically to thyroid 
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secretions. Kraft (156) observed that this compound retarded the 
increased rate of metamorphosis of tadpoles induced by the addition 
of thyroxine. May (202) treated hyperthyroidism cases with 3-fluoro- 
tyrosine and noted a decrease in the size of the neck and basal metabolic 
rate. Kraft and May (157) determined the fluorine content of the 
whole blood of normal persons and one with hyperthyroidism. The 
former contained 0.105 and the latter 0.062 mgm. per cent of fluorine. 
The blood serum of the hyperthyroid patient contained 0.080 mgm. 
per cent of fluorine; however, after five months’ treatment with 3- 
fluorotyrosine it was increased to 0.117 mgm. per cent. May and 
Litzka (201) have reported that 3-fluorotyrosine inhibits the growth 
of certain tumors. 

Evans and Phillips (89) have determined the fluorine and iodine 
content of the thyroid glands from about forty patients with varying 
degrees of hyperthyroidism who had undergone thyroidectomies. The 
basal metabolic rate was determined before and after the operation on 
each patient. In general, no correlation was observed between the 
fluorine content of the thyroid gland and the basal metabolic rate of 
the patient. In the majority of cases, no relationship was noted between 
the iodine and fluorine content of these glands; however, “‘in two cases 
in which double lobectomies were performed, a decrease in the fluorine 
content of the thyroid occurred in the interim between the two opera- 
tions. This was accompanied by a decrease in the basal metabolic 
rate and an increase in the iodine content of the gland.” Further 
studies are necessary to determine the effects of fluorine compounds 
on the structure and function of the thyroid. 

INTOXICATION IN ANIMALS. The literature relating to acute and 
chronic fluorine poisoning in animals has been summarized by Roholm 
(273) and Peirce (241), hence only a brief résumé will be given in 
this review. 

A. Acute fluorine poisoning has been observed in nearly all of the 
common animals and the symptoms and pathological reports are similar 
to those recorded for man, except that inflammatory changes in the 
kidney have been described more frequently in the case of animals. 
Adequate quantitative data regarding the fatal dose for the various 
species are not available. There is considerable variation in the acute 
toxic dose of the different fluorine compounds (36) (37) (114) (277) 
(303). In general, the more soluble alkali fluorine compounds are the 
most toxic. 

B. Chronic. The literature is replete with reports of the effects of 
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spontaneous and experimentally produced chronic fluorine intoxication 
in animals (58a) (122a) (153) (160) (164) (170) (175) (178) (181) (183) 
(184) (186) (271) (278a) (289) (289a) (302) (304) (306) (312) (316) 
(317) (320) (330) (338) (341) (374). These investigations have been 
concerned primarily with three types of problems: 

1. The effects of the use of rock phosphate, or similar materials, 
which contain excessive fluorine as calcium and phosphorus supplements 
in the ration of animals or as soil fertilizers have been studied by many 
investigators (20) (46) (48) (49) (81) (83) (90) (94) (95) (121) (123) 
(124) (126) (128) (182) (162) (172) (229) (236a) (244) (246) (249) 
(250) (254) (255) (267) (291) (325) (326) (827) (328). The most com- 
plete recent researches on this phase of the subject have been reported 
by Du Toit et al. (78), Gaud et al. (104), Kick et al. (15la, b, c), Peirce 
(240), Phillips et al. (243-256), Schulz (292), and Velu et al. (352-360). 
The data indicate that the typical symptoms of chronic fluorine poison- 
ing observed in man develop in the animals. Since the animals have 
generally received larger doses of fluorine than man, more severe symp- 
toms, such as bone and kidney damage, have been reported more 
frequently. 

Du Toit et al. (78) have reported fluorine metabolism studies in rats 
and bovines in which various concentrations (60 and 738 mgm. F daily) 
of calcium fluoride (CaF,) and mono-calcium phosphate (CaHPO,) 
were used as the source of fluorine. They found that fluorine ingested 
in these concentrations caused a decreased retention of both calcium 
and phosphorus in rats, and slight increase in calcium retention and 
a pronounced decrease in the retention of phosphorus in bovines. Kick 
et al. (15lc) found that when the ration of pigs contained more than 
290 p.p.m. of fluorine as sodium fluoride or more than 330 p.p.m. as 
rock phosphate, the bones were characterized by increased thickness, 
loss of normal color, presence of exostoses, and decreased breaking 
strength. They also observed that the addition of 1 per cent of rock 
phosphate (containing about 3.5 per cent F) to the rations of pigs caused 
a degeneration of the epithelium of the convoluted tubules and a fibrosis 
of the kidney. This did not occur in the case of the rat or pigs fed 
similar or higher levels of sodium fluoride, calcium fluoride and phos- 
phatic limestone. 

Peirce (240) fed sheep various levels (60-170 mgm. daily) of fluorine 
in the formeof rock phosphate for a period of three years. All of the 
animals appeared to be in good health during the first year. There- 
after, some of them began to eat less and lose weight. The bones of 
animals which received doses greater than 120 mgm. of fluorine daily 
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exhibited the bone changes described by Kick et al. (151c). No organs, 
except the bones and teeth, appeared to be affected by the treatment. 

Phillips et al. (251) have made long continued detailed investigations 
of the effect of adding various levels of rock phosphate (containing 
approximately 3.55 per cent F) to the rations of dairy cows, chickens, 
guinea pigs, rats and swine. Their experiments with dairy cows in- 
dicated that 200 to 880 p.p.m. of fluorine in the ration exerted little 
detrimental effect upon growth during the first two years of the feeding 
period; however, a decrease in body weight occurred later, from which 
the animals did not recover. Milk production decreased significantly 
when the higher levels of fluorine were fed. Chemical and biological 
tests revealed that no significant changes in the nutritional qualities 
of the milk occurred (252). The gross symptoms and pathology 
observed at autopsy of the cows showed the typical changes of fluoro- 


sis (253). 


The gross and microscopic pathological data and supplementary 
oxygen uptake studies on certain tissue induced these investigators to 
suggest ‘“‘that fluorine toxicosis produces its systemic reaction through 
an interference with cellular respiration and that the primary point of 
attack is the enzymatic systems of the body” (251) (256). Phillips 
(243) has furnished a summary of his researches relative to the tolerance 
of the different species to the fluorine found in rock phosphate. The 
milligrams of fluorine per kilo of body weight required to affect growth 
were as follows: bovine, 1-2; swine, 10-12; rat 18-20; guinea pig 20-25; 
chicken 35-70. He has found that fluorine in rock phosphate and in 
calcium fluoride is roughly half as toxic as sodium fluoride. Growth 
was used as a criterion of toxicity. 

Schulz (292) has investigated the toxicity of different fluorine com- 
pounds and fluorine bearing mineral supplements (which are fed to 
farm animals) in various diets in the rat. He found that the calcium, 
phosphorus and cod liver oil content of the ration had an ameliorating 
effect upon the fluorosis, when certain diets were fed. He concluded 
that “no levels are suggested at which earthy phosphate may be safely 
fed to farm animals.” 

Gaud et al. (104) and Velu and Charnot (360) have made extensive 
studies of fluorosis (darmous) in sheep and other animals in the phos- 
phate zones of northern Africa. They consider the important factors 
responsible for the intoxication are: the fluorine of the suspended matter 
in the water, the increased fluorine content of plants growing in phos- 
phate regions, and especially the fluorine in the dust on the plants. 

Hart et al. (122) have studied the relation of soil fertilization with 
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superphosphate and rock phosphate to fluorine content of plants and 
drainage waters. They collected data from several agricultural experi- 
ment stations in the United States where fertilization with fluorine 
bearing mineral supplements had been practiced for many years. They 
found that “plants from plots treated with fluorine containing rock 
phosphate and acid phosphate, for periods of 16 to 36 years, did not 
show consistent or greatly increased fluorine content over plants pro- 
duced in soil receiving low fluorine fertilizer such as bone meal.’”’ The 
fluorine content of drainage water from a single series of lysimeters 
in Tennessee ‘‘showed a particularly high content where the soil had 
been treated with rock phosphate, and also a definitely increased fluorine 
content when treated with superphosphate as compared with the con- 
trol.”” These investigators concluded that: “‘With our limited available 
data, nothing further is intended in this article than to call attention 
of public health officials, agronomists, and fertilizer manufacturers 
to the problem that confronts them in the present practice of adding 
fluorine to our soils.” 

Bartholomew (14) has reported on the effect of fluorine in the soil 
on plant growth and composition. In general, he found no significant 
changes either in the composition or growth of plants on the soil treated 
with fluorine containing materials. MacIntire et al. (189) have studied 
soil treated with 1500 pounds of barium fluosilicate per acre. They 
found that the fluorine united with calcium in the soil system, except 
where either magnesic or dolomitic incorporations were made. 
MaclIntire (187a) has investigated the influence of the additions of 
calcium fluoride, as such, in the precipitated form, and as a component 
of either phosphatic fertilizers or by-product calcium silicate slag, 
containing about 33 per cent of fluorine. He has added up to 4500 
pounds of calcium fluoride per acre. He states: “In general, we have 
found that additive fluorides do not bring about any enhancement in 
the fluorine content of the tops of plants. We do find, however, an 
appreciable concentration in the fluorine content of roots of red clover 
and sudan grass and possibly the same in one or two other crops... . 
Concentration of fluorides does not take place, however, in tap roots, 
such as carrots....We have much to learn in regard to the fate of 
fluorides supplied to the soil through rain waters* and through fertilizer 
treatments and as an incident to fluoride insecticides. We believe that 
we should expect considerable variation for different types of soil of 


* Leachings from fluoride treated soils. 
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variant fixation capacity and of different content of calcium due to 
either native compounds or added liming materials.”’ 

Carlson (39) has raised the following question, which should be given 
careful study: ‘‘What is going to be the condition 25, 50 or 100 years 
hence on our farms if we continue with fluorine bearing rock phosphate 
fertilizer, and continue with lead, arsenic and fluorine sprays?” He has 
also suggested that ‘‘a long range scientific investigation should be 
initiated before we seriously damage our soil and unwittingly add 
poisons to our diets in water, grains and fruits.’”’ There are already 
areas in the United States where the soil has been poisoned with arsenic 
and lead to the extent that plants will not grow on them. Soils need 
calclum and phosphorus supplements yet these important elements 
can be supplied without the addition of excessive fluorine or other toxic 
constituents which may eventually be harmful. 

2. Fluorine bearing insecticides are now being used as sprays for 
fruits and vegetables. Cryolite (NasAlFs) and barium fluosilicate 
(BaSil's) are the compounds which are used most widely. Marcovitch 
(193) has suggested the use of magnesium oxide as a “corrective’’ in 
eryolite sprays. Detailed information relating to insecticides is con- 
tained in the review by Carter and Busbey (45). 

The United States Department of Agriculture has set a maximum 
limit for marketable sprayed produce as 0.02 grain of fluorine per pound 
(2.8 p.p.m.). This tolerance applies only in interstate commerce. The 
fluorine content of foods should remain low until more adequate data 
are available regarding the chronic effects of the ingestion of small 
amounts of this element. 

Animal experiments relating to the toxicity of fluorine bearing in- 
secticides have been conducted by numerous investigators. Marcovitch 
et al. (194) (196) found that when fluorine compounds were fed as 
powders in the whole diet, the lowest levels which caused striations in 
the tooth enamel in some of the rats, in p.p.m. fluorine, were cryolite 7, 
sodium fluoride 7, and calcium fluoride 15. They also observed that 
water containing 1 or 2 p.p.m. of fluorine, as sodium fluoride, when used 
for both drinking and cooking produced striations in incisor teeth of 
rats. Marcovitch and Stanley (195) made a comparison of sodium 
fluoride in the drinking water with similar levels of cryolite in the diet 
on the fluorine content of the body in the rat. They concluded that 
4 p.p.m. of fluorine in drinking water, as sodium fluoride, caused a 
storage of nearly twice as much fluorine as 4 p.p.m. cryolite in the diet. 

Some of the experimental methods and interpretations by Marcovitch 
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et al. are not shared by Lawrenz et al. (166) who have made a compara- 
tive study of the retention of fluorine as calcium fluoride and cryolite, 
when both were administered in aqueous solution at the rate of 0.58 
mgm. per kgm. of body weight daily in the diets of rats. They ob- 
served the appearance of striations in the incisor teeth occurred at 
about the same time with both compounds and also that the retention 
of fluorine was about the same (59.2 and 59.3 per cent). Approximately 
96 per cent of the fluorine retained at this level of feeding was deposited 
in the skeleton and the remaining 4 per cent was about equally divided 
between teeth and soft tissues. 

Lawrenz et al. (167) also investigated the toxicity of fluorine in the 
form of cryolite when fed in the water and in the food at a concentration 
of 10 p.p.m. They found that the method of administration at low 
levels of intake had no apparent effect on the rate of growth of the 
animals. The addition of fluorine to the water, however, definitely 
depressed the appetite of rats and induced a transient hematuria at the 
beginning of the experiments. Fluorine in the food was retained to a 
less extent (20 per cent) in the body than equal doses in the drinking 
water. This was explained on the basis of impairment in absorption 
from the alimentary tract. They concluded that ‘considering both 
the difference in the usual consumption of food and water in practical 
human nutrition, and the difference in potential toxicity of fluorine 
in water and in food, a concentration of 1 p.p.m. of fluorine in the 
drinking water defining the upper limit of safety, is the hygienic equiva- 
lent of from 2.4 to 4.8 p.p.m, of fluorine in the total food, depending 
upon the proportion of the water intake that contains fluorine in the 
critical concentration.” 

Evans and Phillips (91) have determined the comparative toxicity 
of the fluorine in the form of ecryolite and sodium fluoride in the rat. 
They found that 4 p.p.m. of fluorine added to the drinking water as 
sodium fluoride or as cryolite resulted in similar storage of fluorine in 
the bones of the growing rat. At higher levels (600 p.p.m.) less fluorine 
(about half) was found in the skeleton when it was fed as cryolite or 
as sodium fluoride-aluminum chloride mixture than when it was fed 
as sodium fluoride. 

3. Chronic fluorine poisoning has been observed in the form of a 
disease similar to osteomalacia in livestock which had grazed in the 
vicinity of aluminum and super-phosphate factories. This condition 


has been reported in Denmark, France, Germany, Switzerland (272) 
and Italy (13) (197). 
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Slagsvold (305) has given a detailed description of this manifestation 
of fluorosis occurring in sheep and cattle which had grazed near Nor- 
wegian aluminum works. Many of the typical symptoms of fluorine 
poisoning (listed previously) were observed. The back and limbs 
of the animals became tender and stiff. Bone fractures were common 
but it was doubtful if thickening of the bones occurred. The vegetation 
grown in these areas showed an increased fluorine content. It was 
possible to demonstrate experimentally that fluorine compounds pro- 
duced the symptoms which spontaneously developed in the cattle 
grazing near the aluminum factories. 

Bredemann and Radeloff (33) have reported the absorption of fluorine 
from smoke by certain plants. 

The relation between the symptoms of chronic intoxication and the 
dosage of fluorine in rats has been tabulated by Roholm (273) as follows: 





F PER KGM, OF BODY 





Srurros WEIGHT PER DAY 
| mgm. 
ETE ATT SEL, | 1 
Incipient bone changes and nephritis....................... 5 
First effects on general condition........................... 10-15 
Severe influence on general condition, organ degeneration... 20-25 


ey Ne cc Ul cece cc nccccccccces 50-100 





He emphasized that the doses in this summary were only approximations 
and future researches will be required to establish accurate limits. 
There is a significant variation in the toxicity of different fluorine com- 
pounds (75) (106) (110) (114) (148) (298) (321) which should be con- 
sidered in establishing reliable limits. Evans and Phillips (243) have 
found the toxic level of 3-fluorotyrosine, 3-fluorophenylalanine and 
3-fluoro-5-iodotyrosine in the ration of rats to be 0.5, 1.0 and 1.0 mgm. 
per kgm. of body weight respectively. The severity of the tooth, bone 
and other damage depends upon the type of fluorine compound, dosage, 
duration of exposure and the intake of other essential constituents of 
the diet, such as calcium and phosphorus and vitamins (A, D and C) 
involved in the formation and maintenance of these structures. 

The effect of fluorides on the activity of the brain has been studied 
(231) (232) (242). 

Wilson and DeEds (373) have reported that the feeding of small 
concentrations (31 to 500 p.p.m.) of cadmium as cadmium chloride in 
the diet of rats causes a bleaching of the teeth “similar to, if not identical 
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with that produced by fluorides.’”’ Anemia and cardiac hypertrophy 
were also observed in these rats. 

Does fluorine have a physiological réle in the animal kingdom? 

Several investigators have dealt with the possible réle of fluorine in 
the animal organism (216) (259). Gautier (102) postulated that 
fluorine had some bearing on the binding of phosphorus, in the cell and 
that it contributed to the hardness and resistance of certain tissues 
(teeth, feathers, etc.) to various injurious chemicals. More recently, 
Armstrong et al. (8) (9) and others (59) (60) (70) (71a) (131) (217) 
have demonstrated that fluorides appear to decrease the incidence of 
dental caries in man and experimental animals. On the other hand, 
McCollum and Sharpless (299) have fed rats on a diet low in fluorine 
for three generations. The animals appeared to be normal, and the 
bones and teeth contained extremely small quantities of fluorine. - 
Evans and Phillips (93) fed rats for five generations on a milk ration, 
supplemented with essential minerals and vitamins. The basal ration 
contained 0.1 to 0.2 p.p.m. of fluorine. The animals appeared to be 
normal and the skeletal storage of Muorine was extremely low (8 to 
16 p.p.m.). 

Carlson (40) has suggested that the addition of small quantities of 
fluorides to tissue cultures of bone and other tissues might yield valuable 
data regarding the possible function of fluorine compounds in physio- 
logical processes. According to Phemister (242a), the action of fluorine 
on bone is primarily in the nature of irritation. 

Recent reports by Dean et al. (70) (71a) have revealed that the in- 
cidence of dental caries is less in people living in mottled enamel areas 
where the water contains 1 p.p.m. or more of fluoride than in areas 
where the fluoride content is low. They associated the low caries 
rates with the presence of small amounts of fluorides in the water, 
although they suggest that the composition of the water in other re- 
spects may be a factor requiring further investigation. Blumberg 
et al. (25) and Lowater and Murray (181a) analyzed the teeth of rats 
fed diets containing fluorine and found that the fluorine content of 
the teeth increased. Boissevain and Drea (27) found that the fluorine 
content of bones, enamel and dentin of people who had lived in mottled 
enamel areas in Colorado (fluorine content of water was about 2 p.p.m.) 
for at least ten years was significantly higher than similar tissues from 
areas where the fluorine content of the water was low and mottled 
enamel did not occur. 


Armstrong (8) and later Armstrong and Brekhus (9) reported that 
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the enamel and dentin of sound human teeth had a mean fluorine con- 
tent of 111 and 169 p.p.m. respectively. The fluorine content of the 
enamel of mottled human teeth varied from 245 to 361 p.p.m. and the 
dentin contained 371 to 425 p.p.m. They also found the mean fluorine 
content of sound and carious teeth was 111 and 69 p.p.m. respectively. 
They suggested further a possible relationship between the fluorine 
content of enamel and resistance to dental caries. Miller (217) has 
found that the addition of sodium fluoride and iodoacetic acid to a 
caries-producing diet fed to rats diminished greatly the incidence of 
carious lesions in the molar teeth. 

Cox et al. (59a) (60) and others (131) (362) (363) have recently pub- 
lished data which confirm the findings of Miller. The concentrations 
of fluorine used in these studies were higher than the concentrations 
of fluorine found in most mottled enamel areas. Cox (59) has suggested 
that small quantities of fluorides be added to drinking water as a means 
of reducing the incidence of dental caries. According to Blayney (23), 
such a procedure should be discouraged at the present time because 
our knowledge regarding the chronic effects of the ingestion of small 
amounts of fluorides over several years’ time under normal and patho- 
logical conditions is incomplete. Recent reports (38a) (104) (300), 
which have been discussed in another part of this paper, indicate that 
pathological bone changes are occurring in people living in endemic 
mottled enamel areas for long periods of time. 

EFFECTS ON PROTOPLASM AND ENZYMES. Fluorides are general 
protoplasmic poisons. Roholm (273) (277) has summarized the litera- 
ture relating to this phase of the subject. Fluorides appear to modify 
the metabolism of cells by changing the permeability of the cell mem- 
branes and by inhibiting certain enzyme systems. The exact mecha- 
nisms of such actions are still somewhat obscure. 

Numerous investigators (47a) (120) (171) (174) (191) (219) (230) 
have used fluorides in their studies of dissimilation processes in muscle, 
yeast (280) and bacteria (369a). Fluorides interfere with the formation 
of pyruvic acid during muscle metabolism (213) (214) (215). Phillips 
et al. (251) have reported that blood of cows with chronic fluorosis 
showed an increase in blood phosphatase. Shortt et al. (300) have 
reported similar findings in chronic fluorine poisoning in man; however, 
the increase was not so marked. On the other hand, Smith and Lantz 
(318), Thomas et al. (343) and Roholm et al. (278) did not observe a 
significant increase in serum phosphatase in the rats or man with 
chronic fluorosis. Sodium fluoride at a concentration of 10 mgm. per 
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ml. of blood interfered with the determination of blood phosphatase 
unless it was removed before the determination was made (60a). The 
recent report by McClure (207) regarding the effect of various fluorides 
on salivary amylase revealed that relatively high concentrations were 
required to inhibit the action of this enzyme. Such data indicate 
that more quantitative studies should be conducted on the effects of 
fluorides on enzymes. 

PROPHYLACTIC MEASURES. A. Changing water supply. The solution 
of the mottled enamel problem by changing the water supply has been 
greatly advanced by McKay (209) (210) (211). Kempf and McKay 
(150) suspected that some constituent of the water supply was involved 
in the production of mottled enamel and also noted that this condition 
was halted by a change in water supply in a city in Italy. In 1925, 
McKay examined the school children in Oakley, Idaho, and found 
mottled enamel endemic in the community. He recommended that 
the city change its water supply in a deliberate attempt to prevent 
mottled enamel. This was done, thus providing convincing evidence 
that mottled enamel could be prevented by this means. A subsequent 
analysis of the old Oakley water supply (prior to 1925) indicated 6 
p.p.m. of fluorine, while the new supply contained less than 0.5 p.p.m. 
This unique experiment was started before the presence of excessive 
fluoride in the water supply was established as the cause of mottled 
enamel by Smith et al. (309) (315), Churchill (51), and Velu (352), and 
confirmed by others (238) (296). 

Dean and McKay (71b) have recently reported that mottled enamel 
has been halted at Bauxite, Arkansas and Andover, South Dakota, by 
simply changing the common water supply from one containing excessive 
fluoride to one containing less than 1 p.p.m. The author is also aware 
of two other communities where mottled enamel has been prevented 
by substituting water supplies containing small quantities of fluoride 
for ones containing excessive amounts, confirming the observations 
of Dean and McKay. 

B. Removal of fluorine from drinking water. The removal of fluorides 
from drinking water has been the objective of several recent investiga- 
tions. Table 2 contains a brief summary of the methods used. 

From a practical standpoint, alum, lime, certain forms of calcium 
phosphate and magnesium compounds are used most frequently in the 
removal of fluorides from drinking water. It should be realized that 
the composition of a given water, the type of treatment to which it 
might be subjected without regard to fluoride content, sources and cost 
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of raw materials, will determine which substance or substances would 
be most desirable in a specific case.‘ 

C. Removal of fluoride sprays from fruits and vegetables. Excessive 
fluorine spray residue can be removed from fruits and vegetables by 
washing such products in a dilute acid (HCl or H.SO,) solution in the 
presence of aluminum, iron or boron compounds (42) (43) (45) (117). 

D. Decreasing fluorine content of feeds and fertilizer. The removal of 
excessive fluorine from rock phosphate, which is used as a source of 














TABLE 2 
Substances used to remove fluorides from drinking water 

SUBSTANCES REFERENCES 
ED (29) (51a) (97) (339) 
EE (366) 
cee cance ss esis (366) 
EE (29) (31) (98) (146) (147) 

(148) (237) (294) 

Bauxite (aluminum oxide)......................... | (29) 
EE | (53) (310) 
EE | (212) 


Fused mixture of silicic acid, ferric chloride and| 


a | (349) 
ee Deedes ere ve cccccccceves | (29) (378) 
ee Ne cc cece cece essen (84) (366) (378) 
rs eee cwiclp ccd scanecussvede (241a) (366) 
EE SS ae inn cee | (159) 
EEE OE 
ST | (348) 

Tricalcium phosphate and related compounds...... | (2) (18) (84) (187b) 
ee, UVa dieses ccccssecen | (29) (107) 


calcium and phosphorus for animals and plants, has been investigated 
(11) (28) (58) (63) (64) (130) (187) (198). The excessive fluorine is 
usually removed by heating the rock phosphate or other material to 
the temperature at which the fluorine volatilizes. Difficulties have 
been encountered in attempts to produce defluorinated phosphate on 
a commercial scale and the process is still in the development stage. 


‘ The International Filter Company and the National Aluminate Corporation, 
both of Chicago, and there are undoubtedly others, are now manufacturing 
equipment and materials for the removal of fluorides from public and private 
water supplies. 
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At the present time the Tennessee Valley Authority is investigating 


suitable methods for the quantity production of this material 
(140) (187a). 


SUMMARY 


Fluorine compounds are widely distributed in nature and they are 
used in numerous industrial processes which result in fluoride ingestion 
by man and animals. The possible réle of fluorine in normal physio- 
logical process is still obscure. Fluorides are general protoplasmic 
poisons in relatively low concentrations and they inhibit many 
enzymatic processes. 

Acute intoxication. The following symptoms are observed when 
a single dose is taken by mouth: salivation, nausea, vomiting, urination, 
muscular weakness, excitement and tremors, convulsions and fall of 
blood pressure. At first there is an acceleration and deepening of the 
respiration which is followed by a general paralysis of the vital nervous 
centers. One or more of the symptoms may be absent. Death is due 
primarily to an inhibition of respiration. The acute fatal oral dosage 
for mammals is about 0.5 gram per kgm. of body weight and 0.08 to 0.15 
gram per kgm. of body weight when injected intravenously or hypo- 
dermically. 

Chronic intoxication. The known manifestations of chronic intoxica- 
tion are: 1, mottled enamel, a hypoplasia of the enamel which is endemic 
in several areas in certain parts of the world; 2, osteosclerosis, a bone 
disease occurring among cryolite workers in Denmark, and from high 
fluoride containing areas in Argentina, India and North Africa; 3, a 
disease similar to osteomalacia, observed among herbivora in the vicinity 
of certain factories (aluminum, super-phosphate) in Europe; 4, darmous, 
a dental and osseous disease among herbivora in North Africa; 5, gaddur, 
a dental and bone disease occurring among herbivora in Iceland, after 
volcanic eruptions. The first detectable symptom of chronic fluoride 
intoxication is a hypoplasia of the teeth. The most reliable data 
available indicate that the consumption of water containing 1 p.p.m. 
of fluorine during the period of calcification of the teeth results in the 
production of mottled enamel in 10 per cent or more of children using 
such water. As the fluorine concentration in the water increases, the 
number of children affected increases and the mottling becomes more 
severe. On the other hand, the incidence of dental caries tends to 
decrease when such waters are used for culinary purposes. 

Mottled enamel and high fluoride containing drinking waters have 











604 D. A. GREENWOOD 


been found in several areas in thirty states in the United States and in 
numerous other countries in the world; hence it is a world-wide problem. 

While the disturbance of tooth structure is the most common symptom 
of fluoride intoxication, reports from Denmark, Africa, India, Argentina, 
the United States and elsewhere indicate that the bones of man and 
other species consuming large quantities of fluorides for several years 
may be damaged. The fluoride content of bones and teeth increases 
significantly under these conditions. These reports are based upon 
the observations of a relatively small number of cases, but certain 
characteristic changes occur in all of them. Pathological changes in 
other organs and tissues, e.g., kidney, thyroid, lymph nodes, have also 
been reported. The data are limited; therefore they should be ac- 
cepted cautiously. 

There appears to be a significant variation in the toxicity of the 
different fluorine compounds and in the sensitivity of various species 
to the same fluorine compound. 

Scientific and feasible practical methods are now available for the 
removal of excessive concentrations of fluorides from drinking waters. 
The fluoride content of high fluorine containing fertilizers and solid 
foods can be decreased by heat treatment under favorable conditions, 


FURTHER RESEARCH SUGGESTED 


1. There is a need for more complete data regarding the occurrence 
of fluorides in public and private water supplies, foods, drugs, fer- 
tilizers and soils. 

2. More complete surveys should be made to determine the number 
of people with mottled enamel, and its correlation with the concentra- 
tion of fluorides in drinking waters. 

3. Additional fluoride balance studies should be made on man and 
other species to determine the minimum concentrations of various 
fluorine compounds required to produce pathological changes in tooth, 
bone, kidney, and other vital structures of the body. Clinical and radio- 
logical studies should be made on man, particularly aged adults, living 
in endemic mottled enamel areas. 

4. Further research on practical methods of removing excessive 
concentrations of fluorides from drinking water, food products, and 
fertilizers should be encouraged. 

5. More long range experiments are needed to determine the effects 
(beneficial or toxic) of small quantities of fluorides in the diet of man 
and other species. 
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